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Editorial on the Research Topic

Role of Lipids in the Dynamics of Allergic Airway Inflammation

Allergic airway inflammation is a multifactorial and complex process considered to be an
abnormally exacerbated reaction towards otherwise innocuous common environmental factors,
such as pollen grains, dust mites, or their molecular components. It involves several cell types of the
innate and adaptive immune system, including airway epithelial cells, ILC2, Th2 cells, mast cells,
eosinophils, and basophils. The Th2-related and prototypical cytokines IL-4, IL-5, IL-9, and IL-13;
and the production of allergen-specific IgE are also part of this type of inflammation. When allergic
airway inflammation becomes chronic, it leads to the development of asthma. At an early age,
allergic sensitization towards proteins takes place in susceptible individuals. In most cases, allergens
are proteins from diverse origins and functions, which under normal circumstances would not be
recognized by the host’s immune system as harmful or dangerous (antigenic). Thus, over the course
of decades, protein-allergens have been the focus of research regarding allergic airway
inflammation. But, what makes a protein become an allergen? Despite the significant progress in
the identification and molecular characterization of allergens, this key question remains unanswered
or can only be partially explained, indicating that there are other factors involved. As highlighted by
Platts-Mills (1), allergens do not arrive in the airways alone. Their delivery occurs exclusively in
particles, which consist of a complex mixture of chemically different molecules, including lipids.
Hence, allergic sensitization is a multifactorial process that is not only regulated by the intrinsic
biological activity (i.e. protease activity) of the allergens but also by bioactive lipids. Pollen grains
evidence very clearly this concept, as they have a rich lipidome of their own (Dahl). These external
lipids are either associated to the allergens as ligands, as a component of the allergenic particles, or
are derived from microorganisms present on the allergen source (Lembo-Fazio et al.).

By definition, lipids are hydrophobic or small amphipathic molecules, classified into eight well-
defined categories: fatty acids, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids,
prenol lipids saccharolipids, and polyketides (2). It has been shown that endogenous lipid
mediators are crucial for the control of antigen presentation by dendritic cells in the context of
asthma (Debeuf and Lambrecht), and for the reactivity of mast cells during the effector phase of
allergic inflammation (Hagemann et al.). There is now a growing body of evidence indicating that
not only endogenous, but exogenous lipids (not synthetized by host’s cells) present in allergenic
particles, can target different cell populations of the immune system (3) (Lee et al.). Some examples

Frontiers in Immunology | www.frontiersin.org 4

November 2020 | Volume 11 | Article 612297


https://www.frontiersin.org/articles/10.3389/fimmu.2020.612297/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.612297/full
https://www.frontiersin.org/articles/10.3389/fimmu.2020.612297/full
https://www.frontiersin.org/research-topics/6850/role-of-lipids-in-the-dynamics-of-allergic-airway-inflammation
https://doi.org/10.3389/fimmu.2018.02816
https://doi.org/10.3389/fimmu.2018.01888
https://doi.org/10.3389/fimmu.2018.02006
https://doi.org/10.3389/fimmu.2019.01174
https://doi.org/10.3389/fimmu.2019.02177
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ngonzalez@fz-borstel.de
https://doi.org/10.3389/fimmu.2020.612297
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.612297
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.612297&domain=pdf&date_stamp=2020-11-04

Roldan and Duda

Editorial: Lipids in Allergic Airway Inflammation

are the phytoprostanes released from grass pollen were shown to
prime dendritic cells towards glycolipid presentation and enhance
mast cell degranulation (Gonzalez Roldan et al.). And a glycolipid
isolated from Aspergillus fumigatus activated NKT cells, inducing
airway hyperresponsiveness in an experimental model of asthma
(4). Therefore, it is very likely that lipids are the “missing” additional
factor involved in the regulation of what we call the “dynamics of
allergic inflammation”: the transition from one disease stage to the
next one, sensitization-chronification-exacerbation. Following this
idea: in susceptible subjects during the early phase of exposure,
lipids contained in the allergenic particles (working as an adjuvant)
could favor the release of the early IL-4 required for the switch to
produce IgE by B-cells, resulting in sensitization (5). Once the
individual is sensitized to a particular allergen, the repeated contact
with bioactive lipids, could provide a background “pre-activation”
status, by influencing cellular processes such as calcium
mobilization or by keeping a pro-allergic microenvironment. And
finally, once allergic inflammation has become chronic, the
encounter with allergenic particles has the potential to provoke an
exacerbation on its own, but the additional presence oflipids, either
alone or working in a synergistic manner, potentiate the intensity of
the response.

A plausible explanation why lipids have remained out of focus
of study in the field of allergic inflammation, may reflect the
challenges in working with lipids under laboratory conditions.
With the exception of lipid mediators, the majority of lipids are
water-insoluble. Under hydrophilic conditions lipids tend to
form micelles or adhere to the walls of tests tubes, becoming
not bioavailable. Thus, their hydrophobic properties hinder the
analysis of their biological activity in water-based media cultures
used in in vitro systems. To overcome this issue, researchers
often try to solubilize lipids using organic solvents such as
DMSO or ethanol, or detergent solutions, that are either toxic
for the cells or do not reflect the natural way of delivery to host’s
cells. In nature, lipids are often bound or associated to diverse
lipid transfer proteins, allowing their delivery in a hydrophobic
milieu to the target cells (Scheurer and Schiilke). The lipid-
allergen association can protect allergens from degradation and
increase their allergenicity by bringing its own lipid-adjuvant,
and thus enhancing the sensitization towards these proteins
(Jappe et al.).
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Vice President’s Research Group 1, Molecular Allergology, Paul-Ehrlich-Institut, Langen, Germany

Dendritic cells (DCs) are gatekeepers of the immune system that control induction and
polarization of primary, antigen-specific immune responses. Depending on their matu-
ration/activation status, the molecules expressed on their surface, and the cytokines
produced DCs have been shown to either elicit immune responses through activation
of effector T cells or induce tolerance through induction of either T cell anergy, regula-
tory T cells, or production of regulatory cytokines. Among the cytokines produced by
tolerogenic DCs, interleukin 10 (IL-10) is a key regulatory cytokine limiting und ultimately
terminating excessive T-cell responses to microbial pathogens to prevent chronic inflam-
mation and tissue damage. Because of their important role in preventing autoimmune
diseases, transplant rejection, allergic reactions, or in controlling chronic inflammation
DCs have become an interesting tool to modulate antigen-specific immune responses.
For the treatment of allergic inflammation, the aim is to downregulate allergen-specific
T helper 2 (Th2) responses and the associated clinical symptoms [allergen-driven Th2
activation, Th2-driven immunoglobulin E (IgE) production, IgE-mediated mast cell and
basophil activation, allergic inflammation]. Here, combining the presentation of allergens
by DCs with a pro-tolerogenic, IL-10-producing phenotype is of special interest to
modulate allergen-specific immune responses in the treatment of allergic diseases. This
review discusses the reported strategies to induce DC-derived IL-10 secretion for the
suppression of allergen-specific Th2-responses with a focus on IL-10 treatment, IL-10
transduction, and the usage of both whole bacteria and bacteria-derived components.
Interestingly, while 1L-10-producing DCs induced either by IL-10 treatment or IL-10
transduction are arrested in an immature/semi-mature state, treatment of DCs with live
or killed bacteria as well as isolated bacterial components results in the induction of
both anti-inflammatory IL-10 and pro-inflammatory, Th1-promoting IL-12 secretion often
paralleled by an enhanced expression of co-stimulatory molecules on the stimulated
DCs. By the secretion of DC-derived exosomes or CC-chemokine ligand 18, as well as
the expression of inhibitory molecules like cytotoxic T lymphocyte-associated antigen 4,
TNF receptor superfamily member 4, Ig-like transcript-22/cluster of differentiation 85, or
programmed death-1, IL-10-producing DCs have been repeatedly shown to suppress
antigen-specific Th2-responses. Therefore, DC-based vaccination approaches hold
great potential to improve the treatment of allergic diseases.

Keywords: dendritic cells, interleukin-10, allergy, T helper 2, dendritic cell vaccine
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Schulke

IL-10 DCs Suppressing Th2 Responses

INTRODUCTION

Dendritic Cells (DCs) Control the Induction

of Immune Responses

Our immune system efliciently protects us from most pathogens.
However, if the actions of immune cells are misdirected (e.g.,
against our own cells and tissues in the case of autoimmune
diseases or against innocuous environmental antigens in the case
of allergies) severe immunopathology can be the consequence.
Therefore, the induction of potentially highly destructive immune
responses needs to be tightly regulated.

Usually, the prevention of such detrimental immune responses
is achieved by controlling against which antigens cells of the
adaptive immune system are allowed to react. Here, antigen-
presenting cells (APCs) are pivotal in controlling the induction
of innate and subsequent adaptive immune responses.

Antigen-presenting cells consist of DCs, macrophages, and
B cells (1, 2). They control both the induction and regulation of
T-cell immune responses via the uptake, processing, and presen-
tation of antigens to antigen-specific T cells (1, 2).

Among the different types of APCs, DCs are of special impor-
tance because they are the only APC type able to induce activation,
differentiation, and expansion of naive, antigen-specific T cells (3,
4). In contrast to this, macrophages and B cells are only sufficient

Abbreviations: AIT, allergen-specific immunotherapy; AHR, airway hyper-
reactivity; APC, antigen-presenting cell; AR, allergic rhinitis; Art v1, major
mugwort allergen Artemisia vulgaris allergen 1; B7-DC, programmed cell
death 1 ligand 2 (CD273); BAL, bronchoalveolar lavage; BATF3, basic leucine
zipper ATF-like 3; BCG, Bacillus Calmette-Guérin; Bet v 1, major birch pollen
Betula verrucosa allergen 1; BM-DCs, bone marrow-derived DCs; cAMP, cyclic
adenosine monophosphate; CCL-3/18, CC-chemokine ligand 3/18; CCR5/7, CC
chemokine receptor 5/7; CD, cluster of differentiation; cDC, conventional DC;
CpG-ODN, oligodeoxynucleotides containing CpG motifs; CTLA-4, cytotoxic
T lymphocyte-associated antigen 4 (CD152); DC, dendritic cell; Der p 1, major
house dust mite allergen Dermatophagoides pteronyssinus peptidase 1; DTH,
delayed-type hypersensitivity; FceRI, high affinity IgE receptor Fc epsilon receptor
I; Foxp3, forkhead box protein 3; HLA-DR, human leukocyte antigen DR; ICAM-1,
intercellular adhesion molecule 1; ICOS, inducible co-stimulator; ICOS-L, induc-
ible co-stimulator ligand; IDO, indoleamine 2,3-dioxygenase; IFN-al, interferon
alpha 1; IFN-y, interferon gamma; Ig E/G, immunoglobulin E/G; IL, interleukin;
IL-1RN, interleukin 1 receptor antagonist; IL-10R, interleukin 10 receptor; iTregs,
inducible Tregs; Jakl, Janus kinase 1; LAG-3, lymphocyte-activation gene 3; LZT,
low zone tolerance; MAP kinase, mitogen-activated protein kinase; mDC, myeloid
DCs; MHC I/11, major histocompatibility complex I/II; MoDC, monocyte-derived
DCs; MPLA, monophosphoryl lipid A; mTOR1, mammalian target of rapamycin
1; MyD88, myeloid differentiation primary response 88; OIT, oral immunotherapy;
0X40, TNF receptor superfamily member 4 (CD134); OVA, ovalbumin; PAMP,
pathogen-associated molecular pattern; PBMC, peripheral blood mononuclear cell;
pDC, plasmacytoid DC; PD-1/2, programmed death-1/2; PD-L1/2, programmed
death ligand ¥%; PDE4, phosphodiesterase-4; PRR, pathogen-recognition receptor;
rFlaA, recombinant TLR5-ligand flagellin A; rFlaA:Artvl, recombinant fusion
protein consisting of flagellin A and Art v 1; rFlaA:Betvl, recombinant fusion pro-
tein consisting of flagellin A and Bet v 1; rFlaA:OVA, recombinant fusion protein
consisting of flagellin A and OVA; SbsC, surface (S-layer) protein of Geobacillus
stearothermophilus; SbsC:Bet v 1, recombinant fusion protein consisting of SbsC
and Bet v 1; SLIT, sublingual immunotherapy; SOCS-3, suppressor of cytokine
signaling 3; STAT 1/5/6, signal transducer and activator of transcription 1/5/6;
T-bet, T-box transcription factor TBX21; TGF-, transforming growth factor beta;
Th0/1/2/17, T-helper 0/1/2/17 cell; TLR, toll-like receptor; TRIE, TIR-domain-
containing adapter-inducing interferon-f; TNF-a, tumor necrosis factor alpha;
Trl, regulatory T cell type I; Treg, regualory T cell; Tyk2, tyrosine kinase 2.

to reactivate T cells that have already encountered their specific
antigen in the past (5).

Dendritic cells are highly specialized APCs strategically
located in the skin and the mucosal system (2, 6). They act
as sentinel cells that initiate, monitor, and regulate immune
responses (1). In their immature form DCs continuously take up
and process antigens via endocytosis or pinocytosis (7). If this
antigen uptake occurs in the context of additional DC-activating
signals such as pro-inflamatory cytokines [tumor necrosis fac-
tor alpha (TNF-a), interleukin (IL)-1p, or IL-6], prostaglandin
hormones (prostaglandin E 2), immune stimulating bacterial
and viral components [lipopolysaccharide (LPS), CpG-DNA;
Pam,CysK,, flagellin, etc.], or cell-contact-dependent signals
[e.g., via cluster of differentiation (CD)40-ligand] DCs become
activated (8). Once activated, DCs start to present the processed
antigens in the context of major histocompatibility complex II
(MHC II) molecules and express co-stimulatory molecules on
their surface (2, 8). Via the expression of the chemokine recep-
tor 7 (CCR7, whose ligand is abundantly expressed in lymph
nodes) mature DCs also start to migrate to lymph nodes, where
DCs encounter antigen-specific naive T cells and initiate their
priming (9, 10).

By their actions, DCs link innate and adaptive immune
responses by connecting the detection of danger signals with
the uptake, processing, and presentation of foreign antigens to
control both the induction and polarization of primary antigen-
specific CD4* T-cell responses (11, 12).

Besides their important function in the induction of antigen-
specific immune responses, DCs are also key players in main-
taining immune homeostasis (13). Uptake and presentation of
innocuous foreign- and self-antigens by DCs usually mediates
T-cell tolerance (14). In this context, the cytokine IL-10 has been
shown to shift DC function toward a tolerogenic rather than an
immunogenic phenotype (15).

Dendritic cells may acquire tolerogenic properties either by
(1) displaying a semi-mature state and exert tolerogenic func-
tion via the induction of apoptosis or anergy in the absence of
co-stimulatory signals (2, 3, 16) promoting the differentiation of
interacting T cells into CD4*CD25* regulatory T (Treg) cells, or
(3) increasing IL-10 production to expand allergen-specific type
1 regulatory T (Trl1) cells (3, 17, 18). Indeed, the T cell skewing
capacity of DCs largely depends on their cytokine pattern and
expression of co-stimulatory molecules (19, 20).

Therefore, depending on their maturation/activation status,
the molecules expressed on their surface, and their cytokine
production DCs have been shown to elicit immune responses
through either activation of effector T cells, induction of toler-
ance through regulatory T cells, or the induction of regulatory
cytokines (6).

Because of their important role in the induction of both
innate and adaptive immune responses, DCs have become an
interesting tool to modulate antigen-specific immune responses
(11, 21). In this context, their capacity to induce, modulate, and
control T cell responses makes DCs an attractive adjuvant in vac-
cination settings that have the aim to either enhance inadequate
immune responses for the treatment of infectious diseases
and cancer or to attenuate exaggerated immune responses in
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conditions such as autoimmunity, allergy, transplant rejection,
and chronic inflammation (11, 21).

IL-10 Is an Important Cytokine Limiting

Excessive Immune Responses

As we have just seen, cytokines produced by DCs play a central
role in controlling both the induction and polarization of primary
antigen-specific T-cell responses.

Among the cytokines produced by DCs, IL-10 is a key regula-
tory cytokine limiting and ultimately terminating excessive T-cell
responses to microbial pathogens to prevent chronic inflamma-
tion and tissue damage (15, 22). IL-10 can both be produced by
and has pleiotropic effects on multiple cell types, including DCs,
macrophages, B cells, natural killer cells, both Th1- and Th2 cells,
CD4*CD25" forkhead box protein 3 (Foxp3*) Treg cells, and
keratinocytes (1, 23-25).

Interleukin-10, originally identified as an inhibitor of
interferon gamma (IFN-y) and IL-2 synthesis in Th2 cells (26),
efficiently inhibits proliferative and cytokine responses in T cells
(1) and was shown to mediate both immunological unresponsive-
ness and the suppression of immune reactions (27). At epithelial
interfaces to the environment, including the skin, IL-10 prevents
excessive immune responses to foreign antigens (25).

Indeed, a well-documented mechanism by which IL-10-
producing DCs suppress allergic Th2-responses is the induction
of allergen-specific CD4*CD25*Foxp3* Treg cells (27-29). For
example, Pacciani et al. reported that IL-10-producing DC can
induce allergen-specific regulatory T cells suppressing prolifera-
tion and inflammatory cytokine production from Th2 cells of the
same specificity from house dust mite-allergic patients (30). Inline
with this, Oh and colleagues showed that IL-10-secreting T cells
in the airways were able to reduce Th2-type inflammation and
airway hyperreactivity (AHR) (31). Therefore, the induction of
IL-10- and transforming growth factor beta (TGF-p)-producing
regulatory T cells by IL-10-producing DCs is an important
mechanism to prevent excessive immune responses (32, 33).

Consequently, IL-10-deficient mice develop increased contact
hypersensitivity (34), display spontaneous enterocolitis and other
symptoms akin to Crohn’s disease (35), and develop exaggerated
asthmatic and allergic responses (35).

Interleukin-10 signaling is transmitted through a heterote-
trameric interleukin 10 receptor (IL-10R) which consists of two
ligand-binding IL-10R alpha chains and two accessory, signal-
transducing beta chains all belonging to the interferon receptor
family (Figure 1) (23). The IL-10R a chain is expressed at high
levels on both macrophages and DCs, whereas the IL-10R f
chain is ubiquitously and constitutively expressed by all cell
types (23).

Mechanistically, IL-10 inhibits the function of APCs, including
macrophages and DCs, by downregulating their maturation sta-
tus and reducing the associated production of pro-inflammatory
cytokines (such as IL-1p, IL-6, or TNF-a), while increasing the
expression of inhibitory genes (23, 36). These effects of IL-10 are
mediated via the Janus kinase 1 (JAK1)/Tyk2/STAT3 pathway.
It is initiated when IL-10 homodimers bind to the extracellular
portion of the IL-10R alpha chain (Figure 1). In a first activation

step, IL-10 binding triggers the recruitment of Jakl to the IL-10R
alpha chain and its subsequent phosphorylation, while tyrosine
kinase 2 (Tyk2) is recruited to and phosphorylated by the IL-10R
beta chain (Figure 1) (37, 38). Upon their phosphorylation, these
kinases phosphorylate the tyrosine motifs Y446 and Y496 located
in the intracellular portion of the IL-10R alpha chain (Figure 1)
(39). The activated IL-10 receptor complex then mediates the
phosphorylation of signal transducer and activator of transcrip-
tion 3 (STAT3) by providing transient anchorage sites for STAT-3
that allow the phosphorylation of STAT3 by Jakl and Tyk2
(39,40). Phosphorylated STAT3 forms homodimers which trans-
locate into the nucleus, bind to STAT-binding elements, and drive
the expression of STAT-3-responsive genes. Among others, these
include the suppressor of cytokine signaling 3 (SOCS-3) and
the IL-1 receptor antagonist (IL-1RN) (Figure 1) (41): SOCS-3
subsequently inhibits mitogen-activated protein kinase activa-
tion, NFxB translocation into the nucleus, and the associated
induction of pro-inflammatory gene expression (40). SOCS-3
also mediates Jak1-inhibition, resulting in feedback inhibition of
the JAK1/Tyk2/STAT3 pathway (42).

In addition, production of IL-1RN, a decoy protein binding
to the IL-1 receptor, blocks pro-inflammatory signaling normally
initiated by binding of IL-1 to this receptor (Figure 1) (43).

Interleukin-10 also directly inhibits Thl cell differentiation
(by reducing IL-2, IL-12, and INF-y production), limits effector
T-cell function (by suppressing TNF-a, IL-1f, and IL-6 produc-
tion), and promotes the development, expansion, and function of
regulatory T cells (23, 44). For example, IL-10 is known to inhibit
the expression of IL-4 and IL-13-responsive genes in monocytes
and DCs by suppressing the activation of STAT6 (Figure 1) (45).

Interleukin-10/IL-10R signaling may also result in STAT1 and
STATS5 phosphorylation in monocytes and Treg cells, but the
interactions of STAT1 and STATS5 with other intracellular signal-
ing events triggered by IL-10 are still unclear (42).

Because of its broadly anti-inflammatory effects, IL-10 is a
highly interesting molecule for the treatment of allergic diseases,
where affected patients mount exaggerated, immunoglobulin E
(IgE)- and Th2-mediated immune responses against otherwise
harmless environmental antigens.

In line with this, DC-derived autocrine IL-10 secretion was
shown to suppress high-affinity IgE receptor Fc epsilon receptor
I-dependent pro-inflammatory responses (46), suggesting that
increased IL-10 production by DCs during allergy immuno-
therapy may reduce inflammatory responses to the allergen (47).

Up to now, numerous studies support the importance of IL-10
produced by either Treg or Trl cells (48, 49), IL-10-producing
regulatory B cells (50), and lung DCs (4, 32, 51) in the modulation
of allergic diseases. Among other findings, IL-10 production by
murine lung DCs suppressed inflammation and promoted the
establishment of allergen-specific tolerance (52). In line with its
function in the suppression of lung inflammation, IL-10 expres-
sion has been reported in DCs located in both lung tissue and
the intestine, suggesting IL-10 to fulfill an important role in
maintaining local T-cell tolerance to common environmental
antigens (32).

The importance of IL-10 in controlling allergic inflammation
is further highlighted by its ability to decrease eosinophil survival
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FIGURE 1 | Immune modulatory signaling in antigen-presenting cells (APCs) induced by binding of interleukin-10 (IL-10) to the IL-10 receptor. Activation of the
IL-10/Janus kinase 1 (JAK1)/tyrosine kinase 2 (Tyk2)/signal transducer and activator of transcription 3 (STAT3) pathway in APCs results in the phosphorylation of
STATS by the interleukin 10 receptor (IL-10R) complex and the subsequent translocation of STAT3 homodimers into the nucleus. There STAT3 homodimers bind
to STAT-binding elements and drive the expression of STAT-3-responsive genes such as suppressor of cytokine signaling 3 (SOCS-3) and IL-1 receptor antagonist
(IL-1RN): SOCS-3 efficiently inhibits mitogen-activated protein kinase (MAP kinase) activation, NFkB translocation into the nucleus, and the subsequent induction
of pro-inflammatory gene expression, while the decoy protein IL-1RN suppresses pro-inflammatory signaling normally initiated by binding of IL-1p to its receptor.
STATS activation also inhibits STAT6 activation and therefore the expression of IL-4/IL-13-responsive genes. By these events, IL-10 reduces the production of
pro-inflammatory cytokines (IL-1p, IL-6, tumor necrosis factor alpha) and diminished expression of both major histocompatibility complex Il and co-stimulatory
molecules (CD80, CD83, CD86) on APCs. Black arrows: activation of the indicated signaling pathways, orange arrows: inhibition of the indicated signaling
pathways, black dashed arrows: pathways normally induced by the indicated molecules that are inhibited in the presence of STAT3 activation. For more

detailed information, see Section “IL-10 Is an Important Cytokine Limiting Excessive Immune Responses.”

and IgE synthesis (53, 54). Indeed, IL-10 is often regarded as a
key cytokine mediating tolerance in patients undergoing immu-
notherapy (55, 56).

Allergic Patients Show a Tendency
to Produce Reduced IL-10 Levels
upon Allergen Contact

In line with the importance of IL-10 in suppressing allergic
responses, Akbari and colleagues reported that DCs from
mice exposed to harmless inhaled antigens transiently produce
IL-10 stimulating the development of IL-10-secreting, antigen-
specific CD4*CD25%Foxp3* Tregs (32). Moreover, upon
stimulation with the probiotic bacterium Escherichia coli 083,
a lower expression and secretion of IL-10 was detected from
monocyte-derived DCs (moDCs) derived from newborns of
allergic mothers compared with cells derived from children
with non-allergic mothers (57).

These results suggest that a reduced capacity to produce
DC-derived IL-10 upon antigen contact may facilitate the

development of allergic diseases by skewing immune responses
toward the differentiation of Th2 cells and the development of
childhood atopy and/or asthma (2).

Early studies showed that DC-derived IL-10 production
is profoundly diminished in allergic rhinitis (AR) children
regardless of the presence or absence of asthma, while
DC-derived IL-12 secretion as well as T cell cytokine secretion
were unchanged (2). These results suggest that atopic individu-
als have an intrinsic inability to upregulate DC-derived IL-10
production (2). In line with this, several studies reported
diminished antigen-induced, peripheral blood mononuclear
cell (PBMC)-derived IL-10 production in children (58, 59) and
adults (31, 60, 61) with atopic disorders (AR, asthma, or atopic
dermatitis).

In addition, several studies have reported that allergic patients
show a tendency to produce reduced levels of IL-10 upon allergen
exposure. For example, defects in IL-10-producing T cells have
been implicated in the immunopathogenesis of airway allergy,
resulting in Th2-mediated production of allergen-specific IgE
and tissue eosinophilia (55, 62).
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Moreover, Wei et al. reported that IL-10 levels in the super-
natants of DCs from AR patients were significantly lower than
those observed in healthy controls (63). Accordingly, Pilette and
coworkers described not only local nasal DCs but also systemi-
cally circulating blood myeloid DCs (mDCs) from AR patients to
exhibit reduced IL-10 and IL-12 expression after allergen provo-
cation, while activated plasmacytoid DCs from these patients
produced diminished amounts of interferon alpha (IFN-a) and
triggered reduced levels of IL-10 from allogeneic CD4* T cells
(64). Due to these changes in cytokine production mDCs from
AR patients preferentially supported Th2-cell polarization, link-
ing systemic DC dysfunction to biased T-cell responses and the
failure to regulate T-cell-mediated responses to allergens seen in
atopic patients (64).

While most studies suggest allergic patients to produce
reduced levels of IL-10 compared with healthy individuals,
some groups report contrary results: Lied and coworkers
reported LPS-stimulated moDCs from atopic patients to pro-
duce significantly more IL-10 compared to non-atopic patients
(65) and Frischmeyer-Guerrerio and colleagues described that
mDCs from food allergic children produced greater quantities
of IL-10 (66).

Successful Allergen-Specific
Immunotherapy May Restore Reduced

IL-10 Secretion in Allergic Patients

Since several studies have reported that allergic patients show
a tendency to produce reduced levels of IL-10 upon allergen
exposure (see above paragraph), restoring allergen-induced
IL-10 secretion from DCs is one of the aims in allergen-specific
immunotherapy (AIT).

Indeed, IL-10 is often regarded as a key cytokine mediating
tolerance in patients undergoing immunotherapy (55, 56). Many
of the observed beneficial immune alterations during AIT have
been attributed to IL-10 production (67). Several studies reported
increased levels of IL-10 in blood and affected tissues of patients
that underwent AIT (4, 68, 69). However, the cellular source of
AlT-induced IL-10 production seems to depend on the exact
treatment modalities: for example, exposure to high doses of
allergen was repeatedly shown to result in the induction of differ-
ent IL-10-producing CD4*CD25*Foxp3* Treg subsets (70-72),
while for patients receiving pollen AIT increased IL-10 produc-
tion was reported in mucosal macrophages (69). Interestingly, in
contrast to this, increased numbers of IL-10-producing B cells
and monocytes were described in the peripheral blood of patients
receiving bee venom AIT (70, 73).

While many of the beneficial effects of AIT-induced IL-10 pro-
duction are attributed to the induction of allergen-specific, IL-10-
producing CD4*CD25*Foxp3* Tregs (69-72), other cellular
sources of IL-10 should not be ignored. In line with this, Kunz and
coworkers recently described that the IL-10-dependent induction
of allergen-specific tolerance by subcutaneous allergen injection
resulted in increased IL-10 signals in T and B cells of both skin
draining and mediastinal lymph nodes (74). Interestingly, toler-
ance induction could still be achieved when mice were unable to
produce either T cell-, B cell-, T and B cell-, or DC-derived IL-10

(74). In contrast to this, tolerance induction was not possible if
all hematopoetic cells were unable to produce IL-10 (74). Taken
together, these results suggest a high degree of functional cellular
redundancy in IL-10-mediated tolerance induction (74).

STRATEGIES TO INDUCE DC-DERIVED
IL-10 SECRETION

We have seen that immature DCs can be used to as tolerogenic
DCs to suppress antigen-specific T cell responses. A regula-
tory, IL-10-producing DC phenotype is of special interest for
the treatment of allergic diseases where the treatment aim
is to downregulate allergen-specific Th2 responses and the
associated clinical symptoms (allergen-specific Th2-responses,
IgE-mediated mast cell and basophil activation, allergic inflam-
mation). The remainder of this review will summarize the
strategies used to generate such IL-10-producing DCs with a
focus on IL-10 treatment, IL-10 transduction, and the usage of
both whole bacteria and bacteria-derived components (see also
Figures 2 and 3 and Table 1). Besides these strategies, several
other factors have been described to promote the differentia-
tion of IL-10-producing DC subsets in the context of allergies.
Among others, these are endothelial splenic stroma (11), aryl
hydrocarbon receptors (63), the phosphodiesterase-4 inhibitor
roflumilast (75), and dexamethasone (16). Also induction of
cyclic adenosine monophosphate was shown to result in upregu-
lated expression of DC-derived IL-10, attenuated secretion of the
pro-inflammatory cytokines TNF-a and IL-12, and impaired
T cell stimulation by these DCs (76).

IL-10 Treatment

The simplest strategy to induce tolerogenic IL-10 DCs is to dif-
ferentiate naive DCs in the presence of IL-10. Indeed, several
studies reported IL-10-treated human or mouse DCs to induce
antigen-specific anergy (99-101).

Immunologically, T cell tolerization (meaning the induction
of antigen-specific CD4*CD25* Treg cells) by IL-10-treated DCs
requires a partially activated DC status commonly referred to
as semimaturation (102, 103). In contrast to this, complete DC
activation likely is more immunogenic than tolerogenic, resulting
in the activation of effector T cell subsets (102, 103). This semi-
mature status is characterized by high-expression levels of MHC,
intermediate to low levels of co-stimulatory molecules, and a
strongly reduced production of pro-inflammatory cytokines
such as IL-12 (Figure 2A) (102). Moreover, the development
of antigen-specific CD4*CD25*Foxp3* Treg cells, inhibiting
allergic responses, was shown to be dependent on the presence
of both IL-10 and an inducible co-stimulator (ICOS)-inducible
co-stimulator ligand (ICOS-L) interaction provided by DCs
(Figure 2B) (32).

Here, the suppression of Th2-responses by the induced
regulatory T cells was repeatedly described to occur via a cell
contact-dependent and antigen non-specific manner (48, 104,
105). For example, DCs treated with IL-10 were shown to induce
CD4* T cells expressing the cytotoxic T lymphocyte-associated
antigen 4 (CD152, CTLA4), capable of mediating tolerance in a
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cell contact-dependent manner (Figure 2B) (99, 106). In addi-
tion, some studies reported an increased expression of inhibitory
molecules such as the Ig-like transcript-22/CD85 (77) on the
surface of IL-10-treated DCs (Figure 2A).

The exact tolerogenic potential of IL-10-treated DCs seems to
dependent on the experimental model used: while there are some
reports suggesting that DCs treated with IL-10 may increase the
secretion of Th2 cytokines (while suppressing Thl-responses)
(107, 108), the majority of studies have described an efficient
suppression of both mouse and human Th1- and Th2-responses
by DCs treated with IL-10 (101).

The potency of IL-10-treated DCs to prevent the development
of lung allergic responses in mice was demonstrated by Koya
and colleagues (1). Koya et al. reported IL-10-treated DCs to
suppress production of the Th2 cytokines IL-4, IL-5, and IL-13
in vitro and decrease both AHR and airway inflammation in vivo
(1). Here, transfer of ovalbumin (OVA)-pulsed, IL-10-treated
DCs into naive mice prevented the development of AHR, airway
eosinophilia, reduced Th2 cytokine levels in bronchoalveolar
lavage (BAL) fluid, and goblet cell metaplasia when challenged
with the allergen (1).

In their hands, the IL-10-treated DCs displayed a tolerogenic
phenotype, expressing lower levels of CD11¢, CD80, and CD86,
while producing lower amounts of IL-12 but significantly more
IL-10 (Figure 2A) (1). Mechanistically, this endogenous IL-10

production of exogenously IL-10-treated DCs was shown to be
required for their regulatory function since DCs from IL-10-
deficient mice did not display regulatory function even when
differentiated in the presence of IL-10 (1).

In accordance with these results, Li et al. did report IL-10-
treated human DCs to induce tolerance in autologous T cells of
patients with asthma (77). Phenotypically, the IL-10-treated DCs
expressed reduced levels of the co-stimulatory and maturation
markers CD86, human leukocyte antigen DR, and CD54, only
modest reductions in CD40 and CD80, and reduced levels of the
pro-inflammatory cytokines IL-6 and IL-12 (Figure 2A) (77).
In contrast to this, expression levels of Ig-like transcript-22/
CD85j, IFN-al, IL-2, and IL-10 were strongly increased
(Figure 2A) (77). In this context, the inhibitory receptor Ig-like
transcript-22/CD85j was shown to have an important role both
in the regulation of natural killer cells and T cells (109, 110) and
the function of tolerogenic DCs (110).

In co-culture with autologous CD4* T cells IL-10-treated DCs
inhibited Th2 cell differentiation and production of Th2-related
cytokines (IL-4, IL-5, and IL-13) otherwise driven by immu-
nostimulatory DCs differentiated in the presence of TNF-a
(77). Moreover, treatment of DCs with IL-10 led to a significant
outgrowth and activation of CD4*CD25*LAG-3*CTLA-4*
Foxp3* IL-10-secreting Tr1-type Tregs, and resulted in allergen-
specific induction of tolerance in a contact-dependent manner
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N
/-~ CD8a"a"
/+0 BATF-3*

& 1L-10 4

CD4"ioh

T effector cell

Cell /IL-10 dep pp! of:
Th1 cytokine secretion (IFN-y)
Th2 cytokine secretion (IL-4, IL-5, IL-13)

Allergic inflammation

T effector cell

which was critically dependent on expression of IL-10 by DC
(Figure 2B) (77).

Although the tolerogenic capacity of IL-10-treated DCs is
well described, Bellinghausen et al. reported treatment of DCs
with IL-10 alone (in contrast to the efficient suppression of Thl
responses by IL-10-treated DCs) to be insufficient for the sup-
pression of Th2-responses (78). In their hands, the induction
of regulatory T cells with the ability to suppress Th2 cytokine
production required at least two signals: IL-10 plus TGF-p
(78). In their experimental system, the suppressive capacity of
the IL-10 plus TGF-B-induced regulatory T cells was shown to
be antigen-unspecific and strongly dependent on both cell-cell
contact and the surface molecule programmed death-1 (PD-1)
(78). Interestingly, neutralization of either IL-10, CTLA-4, or
TGEF-P had only marginal effects on the suppressive capacity of
the induced CD4*CD25* Tregs (78). Here, incubation of T cells
with IL-10 alone instead of IL-10-treated DC did not lead to the
generation of inducible Tregs (iTregs), suggesting that additional
signals provided by the tolerizing DC are necessary for the gen-
eration of iTregs (78).

One such factor might be DC-derived CC-chemokine ligand
18 (CCL18). When performing a genome-wide analysis of gene
expression in co-cultures of CD4* T cells from patients with
grass pollen allergy and either tolerogenic, IL-10-treated DCs
or regular, mature allergen-pulsed DCs, Bellinghausen and
coworkers could show that in DCs differentiated in the presence

of IL-10 the only gene being upregulated was CCL18 (while
many genes were downregulated) (79). These IL-10-treated,
CCL18-producing DCs efficiently suppressed IL-13, IL-5, and
TNF receptor superfamily member 4 (OX40) gene expression
in CD4 T cell:DC co-cultures (79). Of note, exogenous addi-
tion of CCL18 to these co-cultures was sufficient to induce a
similar inhibition of Th2 cytokine production compared to
allergen-pulsed, IL-10-treated DCs (without affecting IFN-y or
IL-10 production) (79). In these co-cultures, neutralizing IL-10
did not reduce CCL18 production suggesting that factors other
than IL-10 are involved in maintaining the enhanced CCL18
expression in IL-10-treated DCs (79). In a humanized mouse
model of airway allergy, application of CCL18 inhibited airway
reactivity and lung inflammation, preferentially attracting
regulatory T cells over Th2 cells (79). Therefore, CCL18 was
shown to be an important effector molecule of tolerogenic
IL-10-treated DCs.

IL-10 Transduction
Besidesdifferentiating DCsin the presence of IL-10, several studies
have described transduction of DCs with the IL-10 gene to result
in DCs with tolerogenic properties. Here, IL-10-transduced DCs
were shown to induce long-lasting, antigen-specific tolerance by
induction of regulatory T cells (Figures 2A,B) (4).

Henry and coworkers reported a single intratracheal injection
of OVA-pulsed, IL-10-transduced DCs to prevent eosinophilic
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TABLE 1 | Summary of the strategies reported in the literature to induce dendritic cell (DC)-derived interleukin-10 (IL-10) secretion.

Strategy Reference DC phenotype DCs IL-10 Immunological effects of tolerogenic DCs Suppression shown to
positive? be IL-10 dependent?
DC differentiation in the presence of IL-10 Koya et al. (1) CD11c¢lw Yes Suppression of Th2 cytokines IL-4, IL-5, and IL-13 in vitro Yes
CD80P™ Decrease of airway hyperreactivity (AHR) and airway
cD8glw inflammation in vivo
Reduced IL-12 production
Lietal (77) CD86" Yes Suppression of Th2-differentiation and Th2-cytokine secretion Yes and Treg cell
HLA-DRw Activation of CD4*CD25*LAG-3* CTLA-4+Foxp3* IL-10- contact dependent
CD54low secreting Tregs
CD40on Induction of allergen-specific tolerance
cDson
Ig-like transcript-22/CD85j"n
reduced levels of IL-6 and IL-12
Bellinghausen IL-10* Yes IL-10- and TGF-B-dependent induction of regulatory No, but programmed
etal. (78) CTLA-4+ T cells suppressing Th2 cytokine production death-1 dependent
TGF-p*
Bellinghausen CCL-18* Yes Suppression of IL-13, IL-5, and TNF receptor superfamily No, but CCL18 dependent
et al. (79) member 4 gene expression in CD4* T cell:DC co-cultures
DC transduction  Lentiviral transduction Henry et al. (4) CD4o™ Yes Prevention of eosinophilic airway inflammation, AHR, Yes and Treg dependent
with IL-10 with CMV-promoter MHC [Int production of mucus, antigen-specific IgE and IgG1
cD8aon antibody, and IL-4 production in a mouse model of
cbhsent experimental asthma
IL-120w
Plasmid vector Nakagome CD11c* Yes No induction of tolerogenic DCs or Treg, but overall suppression  Not investigated
et al. (80) MHC I of function of CD11c antigen-presenting cells in the lung
Prevention of eosinophilic airway inflammation in vivo
Lentiviral transduction Besche et al. (3) MHC 1™ Yes Inhibition of ear swelling in mouse model of hapten-induced Not investigated
with DC-specific fascin CDhsag™ contact hypersensitivity
promotor Unaltered IL-6 mRNA
Lower IL-12p40 mRNA levels
DC-derived exosomes Kim et al. (81) MHC [[en No Suppression of delayed-type hypersensitivity responses No, but via MHC II-
MHC [ and murine collagen-induced arthritis dependent pathway
CD11cn
CD8ont
CDhse"
Ruffner et al. (82)  |A/IEN Not Suppression of delayed-type hypersensitivity responses CD80 and CD86 dependent
H-2kent determined
CD80oP™
cDhse
PD-L1m
PD-L2°w
IL-12p70-
IL-23-
IL-6*
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TABLE 1 | Continued

Strategy Reference DC phenotype DCs IL-10 Immunological effects of tolerogenic DCs Suppression shown to
positive? be IL-10 dependent?
Bacteria Helicobacter pylori Engler et al. (83) BATF3* Yes Suppression of airway inflammation in a mouse Yes, and IL18 basic leucine
(live/extract) CD103* model of allergic asthma Zipper ATF-like 3 (BATF3)
CD11b* dependent
Escherichia coli 083 Sukenikova CD8g3rian Yes Increased expression of IL-10 and IL-17Ain CD4 T cells Not investigated
etal. (57) |DOMien
TNF-o*
IL-6*
Bacillus Calmette-Guérin  Bilenki et al. (84) ~ CD8a"s" Yes Suppression of allergic airway eosinophilia, mucus Yes, also IL-12 dependent
CD80oMen overproduction, IgE production, and Th2 cytokine
CcDagghien production in vivo
CD4Qrien
IL-12+
TLR2Me, TLR4Mah, TR
Listeria monocytogenes  Stock et al. (85) CD8a* Yes Induction of Th1-like ICOS* Foxp3*T-bet* Tregs co-producing Yes
IL-12+ both IL-10 and interferon gamma (IFN-y)
Clamydia Han et al. (27) Ccpgnan Yes Inhibition of allergen-specific Th2 cell differentiation in vitro Yes, also IL-12 and ICOS-L
ICOS-L"en Inhibition of systemic and cutaneous eosinophilia in vivo dependent
IL-1Qnsn
|L-12hish
Bacterial extracts  Heat killed E. coli Pochard et al. (86)  |APhan Yes Suppression of peanut-induced Th2 cytokine production No, but myeloid differentiation
CD40n and proliferation and induction of IFN-y from mouse T cells primary response 88 (MyD88)/
CD8gQnen TIR-domain-containing adapter-
cDggnien inducing interferon-p, IL-12/IL23
IL-12+ p40, and IFN-y dependent
Isolated bacterial ~ PamsCSK, Tsai et al. (87) Not investigated Not Induction of CD8*CD25* Foxp3* Tregs that inhibited Not investigated
components (TLR investigated Dermatophagoides pteronyssinus 2-induced IL-4
ligands) production in vitro
Dual TLR2/7-ligands Laifo et al. (88) IL-1pow Yes Suppression of Th2 cytokine secretion and DNP-induced, Not investigated
IL-6* IgE- and Ag-specific mast cell degranulation in vitro
Suppression of allergen-specific IgE production in vivo
LPS Ahrens et al. (89)  CD4QMn Yes Suppression of Th2 cytokine production and induction Yes
CDa8Qrien of Tr1-like cells in vitro
CDgghien No suppression of ovalbumin (OVA)-induced asthma in vivo
IL-1p+
IL-12+
TNF-o*
LPS (plus IL-10 Wakkach CD11cv Yes Increased eosinophilic airway inflammation and AHR, IL-5, Not investigated
treatment) et al. (90) B220- and IL-13 secretion in bronchoalveolar lavage fluid in a mouse
CD45RB* model of OVA-induced asthma
Monophosphoryl Schilke CD40+ Yes Boosting of OVA-specific IL-4 and IL-5 secretion, suppression Not investigated
lipid A etal. (91) IL-1p* of IFN-y secretion in bone marrow-derived DC: DO11.10
IL-6+ CD4+ T cell co-cultures
TNF-o*
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Not investigated, but IL-12

dependent

Induction of IL-10-producing CD25*Foxp3+CTLA-4*

ThO/regulatory T cells co-producing IFN-y and IL-4

Yes

CD40on

Gerstmayr
et al. (98)

SbsC:Bet v 1

CD8o™

fusion proten

CcDge"

IL-12+

Expression levels are indicated as follows: **: low expression; ™: intermediate expression; "9": high expression; *: positive for the investigated molecule but no expression level specified.

airway inflammation, AHR, production of mucus, antigen-
specific IgE and immunoglobulin G1 (IgG1) antibodies, and IL-4
as well as IFN-y production in a mouse model of experimental
asthma (Figure 2B) (4). These effects were shown to also depend
on non-DC-derived IL-10 since IL-10-deficient mice treated with
IL-10-transduced wild-type DCs were less well protected (4).
Phenotypically, IL-10-transduced DCs displayed intermediate
levels of cell surface maturation markers MHC II, CD40, CD80,
and CD86 and secreted high amounts of IL-10, but no IL-12
(Figure 2A) (4). In contact with allergen-specific T cells, these
semi-mature DCs induced both differentiation and proliferation
of antigen-specific CD4*CD25*Foxp3* IL-10-producing regula-
tory T cells in the mediastinal lymph nodes of animals treated
with IL-10-transduced DCs (4). These effects were shown to be
antigen-specific, since IL-10-transduced DCs, primed with the
major house dust mite allergen Dermatophagoides pteronyssinus
peptidase 1 (Der p 1), did not protect against OVA-induced
airway allergy (4).

In line with these results, Nakagome et al. reported IL-10 gene
delivery by plasmid transfer to suppress OVA-induced eosino-
philic airway inflammation and AHR, suppressing the overall
function of CD11c* lung APCs in terms of antigen-presenting
capacity, cytokine production, and transport of antigen to lymph
nodes resulting in reduced Th2 responses (80).

In an attempt to optimize DC-derived IL-10 transduction,
Besche et al. showed that the usage of the DC-specific fascin
promoter for IL-10 overexpression in bone marrow-derived DCs
(BM-DCs) to result in the generation of IL-10*IL-6* DCs with
reduced IL-12p40 mRNA expression (3). In vivo application of
these IL-10-transduced BM-DCs efficiently inhibited ear swelling
responses in a mouse model of hapten-induced contact hyper-
sensitivity (3).

Exosomes from IL-10-Treated DCs

Besides secreting immune modulatory cytokines, IL-10-treated
DCs were also shown to secret exosomes with immune modulat-
ing capacity involved in the suppression of inflammatory and
autoimmune responses (Figure 2A) (81).

Kim et al. reported exosomes isolated from either BM-DCs
transduced ex vivo with an adenovirus expressing the IL-10 gene
or BM-DCs treated with recombinant murine IL-10 protein
to express high levels of MHC II, moderate levels of MHC I,
CD11c, CD80, and CD86 on their surface (Figure 2A) (81).
Upon periarticular administration, these exosomes were shown
to suppress delayed-type hypersensitivity responses within both
injected and untreated contralateral joints, while systemic injec-
tion suppressed the onset of murine collagen-induced arthritis
and reduced the severity of established arthritis in a mouse model
(Figure 2B) (81). Here, administration of isolated exosomes had
comparable effects to the application of IL-10 transduced DC
(81). Mechanistically, the suppressive capacity of the exosomes
was shown to depend on surface expression of MHC II (81). The
authors speculated that these exosomes may be able to bind and
possibly fuse with endogenous cells (macrophages, or APCs) to
subsequently modulate their activity (81).

These results were confirmed by Ruffner and colleagues which
demonstrated that IL-10 treatment generates both DCs with a
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pro-tolerogenic phenotype and a population of immunosuppres-
sive exosomes (82). Treatment of DC with IL-10 significantly
downregulated surface expression of MHC I, MHC II, CD80,
CD86, and programmed death ligand 2 (PD-L2) (Figure 2A)
(82). In addition to the modified co-stimulatory profile of IL-10-
treated DCs, exosomes derived from these DCs were shown to
also contain reduced surface levels of CD80, PD-L1, and PD-L2
(Figure 2A) (82). Here, the suppressive capacity of both IL-10-
treated DCs and exosomes derived from these cells in a mouse
model of delayed-type hypersensitivity was shown to depend on
CD80 and CD86, but not PD-L1 and PD-L2 expression (82).

Live Bacteria

Several studies have described the potential of different bacteria
to induce DC-derived IL-10 production (27, 84). Among others,
E. coli 083 (57), Helicobacter pylori (83), Clamydia (27), Listeria
monocytogenes (85), Mycobacterium vaccae (111), and Bacillus
Calmette-Guérin (BCG) (84) werereported toinduce DC-derived
IL-10 secretion with immune modulatory potential for the treat-
ment of allergic diseases. Of note, in contrast to IL-10-treated
DCs, many of the available studies suggest that stimulation with
either bacteria (live or killed) or isolated bacterial components
induces both anti-inflammatory IL-10- and pro-inflammatory,
Thl-promoting IL-12 secretion often alongside an enhanced
expression of co-stimulatory molecules on the stimulated DCs
(Figure 3A) (27, 84, 86, 98, 112).

Here, IL-10 secretion induced by bacteria can either prevent
excessive inflammatory responses or suppress immune responses
otherwise directed against the bacterium (27). In theory, this
IL-10 induction by bacteria may be used to modulate immune
responses in the host to unrelated antigens such as allergens (27).

In line with this, epidemiological and experimental stud-
ies revealed a strong inverse relationship between chronic
H. pylori infection (which induces IL-10 secretion from DCs)
and the risk of developing allergic asthma, hay fever, or eczema
(113-115). Here, Engler and colleagues further investigated the
mechanism underlying the protective effects of H. pylori (83).
They reported extracts of H. pylori to prevent allergen-induced
airway hyperresponsiveness, bronchoalveolar eosinophilia,
pulmonary inflammation, and Th2 cytokine production in
a mouse asthma model (Figure 3B) (83). Mechanistically,
this suppression of Th2-responses was shown to require a
heat-sensitive H. pylori component (possibly the H. pylori
persistence determinants y-glutamyl-transpeptidase GGT and
the vacuolating cytotoxin VacA) and the production of IL-10
by basic leucine zipper ATF-like 3 (BATF3)-dependent CD103
and CD11b positive DCs infiltrating the lungs of protected
animals (Figure 3A) (83). Moreover, both IL-18 and BATF3
were critically required for H. pylori-mediated protection
against allergic responses (83). In contrast to this, suppression
of Th2-responses was independent of regulatory T cells since
antibody-mediated depletion of CD25* Tregs had no effect on
the suppression of Th2-responses (83). Interestingly, in vitro
BM-DC-derived IL-10 secretion induced by H. pylori extracts
was shown to depend on myeloid differentiation primary
response 88 (MyD88) and toll-like receptor (TLR)2- but not
TLR4-signaling (83).

Stikenikova et al. reported E. coli 083 to also induce increased
gene expression and secretion of IL-10 in DC of newborns of
healthy mothers in comparison to DCs derived from newbornes
from allergic mothers (57). This higher IL-10 production was
associated with lower levels of IL-4, IL-13, IFN-y, IL-17A, and
IL-22 in DC:CD4" T cell co-cultures (Figure 3B) (57).

In line with these results, infection of mouse DCs with BCG
resulted in a significant enhancement of both IL-10 and IL-12
production (84). Interestingly, BCG-stimulated DCs were char-
acterized by a higher surface expression of CD8a, co-stimulatory
molecules CD80, CD86, and CD40, and TLRs (Figure 3A) (84).
Here, adoptive transfer of DCs from BCG-infected mice, but not
DCs from naive mice, significantly inhibited established allergic
airway eosinophilia, mucus overproduction, IgE production,
and Th2 cytokine production (Figure 3B) (84). These protective
effects of BCG-infected DCs were reversed by the application
of either IL-10- or IL-12-neutralizing antibodies, showing
both cytokines to be involved in the suppression of the allergic
response (84).

Stock et al. described L. monocytogenes to induce CD8a* DCs
co-producing both IL-10 and IL-12 (Figure 3A) (85). These DCs
mediated the differentiation of ICOS*Foxp3* T-box transcrip-
tion factor TBX21 (T-bet)* Thl-like CD4*CD25" Treg cells that
themselves produced both IL-10 and the Thl cytokine IFN-y
(Figure 3B) (85). Therefore, these cells combined features of both
regulatory T cells and Th1 cells (85).

Han et al. reported the adoptive transfer of CD8*ICOS ligand
(ICOS-L)*IL-107IL-12* DCs isolated from Chlamydia-infected
mice (Figure 3A), but not those from naive mice, to inhibit OVA-
induced systemic and cutaneous eosinophilia after intranasal
challenge with OVA (27). In vitro DCs from Chlamydia-infected
mice were shown to inhibit allergen-specific Th2 cell differen-
tiation while promoting Th1 responses in an IL-10-, IL-12-, and
ICOS-L-dependent way (Figure 3B) (27).

Taken together, these results show that in addition to inducing
Thl-priming DCs, infection with different bacteria can result in
the differentiation of tolerogenic, IL-10-producing DC subsets
characterized by both high expression levels of co-stimulatory
molecules and the co-production of pro-inflammatory cytokines
(Figure 3A). Mechanistically, these more activated tolerogenic
DCs were shown to suppress allergen-specific Th2-responses via
the induction of either Th1, Thl-like Tregs, CD4*CD25*Foxp3*
Treg, or Tr1 cells (Figure 3B).

Aside from results obtained with live bacteria, also bacterial
extracts and heat killed bacteria were described to suppress
allergen-specific Th2-responses. Here, both IL-10-dependent
and -independent mechanisms of immune modulation were
described.

For example, Pochard et al. reported the addition of heat killed
E. coli to peanut-pulsed DCs to suppress both peanut-induced
secretion of the Th2 cytokines IL-4, IL-5, IL-13, and T cell pro-
liferation while increasing IFN-y production in a MyD88/TIR-
domain-containing adapter-inducing interferon-f-dependent
manner (86). Although stimulation of the DCs with heat killed
E. coli did trigger DC-derived, TLR4-dependent IL-10 secretion,
these effects of were not influenced by neutralization of IL-10 but
shown to be dependent of IL-12/IL23 p40 and IFN-y secretion
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(86). Therefore, the suppression of Th2-responses described by
Pochard et al. is mediated by a TLR-mediated enhancement of
Thl-responses, which in turn downregulate Th2-responses via
IL-12 production (86).

Bacterial Components

Besides whole bacteria and bacterial extracts, which are complex
mixtures of different, potentially immune modulating compo-
nents, some single bacterial components have been investigated
for their DC tolerizing potential in the context of allergies
(Figure 3A). For differentiation purposes, these components will
be divided into TLR-ligands and non-TLR-ligands.

TLR Ligands

Bacteria- and virus-derived pathogen-associated molecular
patterns are sensed by pathogen-recognition receptors and
induce innate and subsequent adaptive immune responses. Due
to their intrinsic capacity to activate innate immune cells, TLR
ligands are interesting immune modulating components for the
treatment of allergic diseases. Here, TLR2-, TLR3-, TLR4-, and
TLR5-ligands have been described to induce tolerogenic DC
subsets.

Bacterial lipopeptides such as the TLR2/6-ligand Pam,CysK;
have repeatedly been shown to induce tolerogenic DC and regula-
tory T cell responses (Figures 3A,B) (87, 116, 117). In addition,
TLR2-ligands have the potential to induce a Thl-promoting
cytokine milieu, enhance Ag presentation of endogenous peptides
by DCs (117), and suppress IL-5, IL-13, and IFN-y responses
from human house dust mite-allergic patients (Figure 3B) (118).

Here, chemical conjugation of the TLR2-ligand Pam;CysK,
to OVA-derived CD8" T cell peptide sequences resulted in
a rapid and enhanced uptake in DCs (119). Moreover, dual
TLR2/7-ligands combining the TLR2-ligand Pam,CysK, and
the synthetic TLR7-ligand CL264 into a single molecule were
shown to induce strongly activated mDCs co-producing IL-10
and pro-inflammatory IL-6 (Figure 3A) (88). In vitro, these
mDCs suppressed both DNP-induced, IgE- and Ag-dependent
mast cell degranulation and IL-5 secretion from OVA-specific
DO11.10 CD4* TC (Figure 3B) (88). In vivo application of one of
these ligands, CL531, was found to suppress allergen-specific IgE
production in a mouse model of OVA-induced intestinal allergy,
suggesting that such TLR2/7-ligands have the potential to induce
Th1-biased immune modulation in vivo (88).

Ahrens et al. described LPS stimulation to strongly enhance
IL-10 production from mouse BM-DCs (Figure 3A). In co-
culture with allergen-specific naive CD4" T cells, LPS-stimulated
BM-DCs suppressed the secretion of Th1 and Th2 cytokines in
an IL-10-dependent manner (89). Here, LPS priming of BM-DCs
resulted in the differentiation of a Tr1-like T-cell subset upon co-
culture of the primed DCs with naive T cells (89). Accordingly,
Wakkach et al. reported LPS-, but not CpG-stimulation,
to induce enhanced IL-10 secretion from IL-10-treated,
CD11c*vB220-CD45RB* DCs (Figure 3A) (90). However, the
suppressive capacity of LPS-primed BM-DC in vitro did not
translate into suppression of allergic airway disease in vivo since
intranasal administration of these LPS + IL-10-primed BM-DCs
into mice was unable to prevent allergic airway inflammation in

a mouse model of OVA-induced asthma (89). Here, vaccination
with theseBM-DCs led to an even stronger eosinophilic airway
inflammation and AHR accompanied by significantly increased
levels of IL-5 and IL-13 in BAL fluid (89).

While LPS cannot be applied in humans due to its high toxicity
and pyrogenicity, monophosphoryl lipid A (MPLA), a detoxified
TLR4-ligand derived from Salmonella minnesota, is already
applied as adjuvant in several vaccine formulations. Here, vac-
cines containing MPLA have been licensed or are in phase III
trials including Fendrix (hepatitis B), Cervarix (human papillo-
mavirus-16 and human papillomavirus-18), and RTS,S (malaria)
(120-122). For the treatment of allergies, MPLA mixed with
grass pollen extract was shown to result in enhanced production
of IFN-y and reduce the production of IL-5 in PBMC from grass
pollen-allergic patients (123). In line with these results, MPLA
was shown to induce mouse BM-DC activation (CD40 upregula-
tion) and secretion of both pro- (IL-1p, IL-6, TNF-a) and anti-
inflammatory (IL-10) cytokines in vitro (Figure 3A) (91). Of
note, when MPLA-stimulated mouse BM-DCs were co-cultured
with DO11.10 CD4" T cells in vitro MPLA was shown to boost
OVA-specific IL-4 and IL-5 secretion while dose-dependently
suppressing IFN-y secretion displaying a discrepancy between
the results obtained in vitro and in clinical trials (91).

In addition, synthetic oligodeoxynucleotides contain-
ing CpG motifs (TLR9-ligands) either alone (124-126) or
chemically linked to allergens (127-129) have been described
to promote Thl cytokine responses and decrease synthesis of
IgE antibodies in allergic individuals. While these constructs
were shown to induce the production of IL-12 and IL-18 from
human moDCs (125) and induce IL-12, IFN-a, IFN-vy, IL-6, and
IL-10 secretion from PBMCs (126), up to now no DC-derived
IL-10 secretion has been reported upon application of these
CpG-based vaccines.

In our own studies, we evaluated the induction of IL-10-
producing mDCs using fusion proteins consisting of the recom-
binant TLR5-ligand flagellin A (rFlaA) from L. monocytogenes
and either OVA from hen’s egg as a model allergen (rFlaA:OVA)
(92-94), the major mugwort allergen Artemisia vulgaris allergen
1 (Art v1) (rFlaA:Artvl) (95), or the major birch pollen allergen
Betula verrucosa allergen 1 (Bet v 1) (rFlaA:Betvl) (96). Such
fusion proteins efficiently target TLR5* immune cells, e.g., DCs,
macrophages, and epithelial cells which take up, process, and
present the fused antigen in the context of the flagellin-mediated
cell activation.

Mouse bone marrow-derived mDCs stimulated with such
fusion proteins were strongly activated [upregulation of CD40,
CD69, CD80, CD86, programmed cell death 1 ligand 2 (B7-DC,
CD273), PD-L1], displayed highly increased levels of the target
receptor TLR5 on their cell surface, and secreted both pro- (IL-1p,
IL-6) and anti-inflammatory (IL-10) cytokines (Figure 3A)
(93, 95, 96). Interestingly, the non-fused mixture of both com-
ponents (flagellin and allergen) did not have a comparable effect
(93, 95, 96).

When co-cultured with allergen-specific CD4* T cells, these
DCs efficiently suppressed both allergen-induced Thl and Th2
cytokine secretion in vitro (Figure 3B) (93, 95, 96). In this experi-
mental setting, the flagellin fusion protein-mediated suppression
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of both Thl- and Th2-cytokine secretion was dependent on
IL-10, since this effect was reversed when using either IL-10-
neutralizing antibodies or IL-10-deficient mDC as APCs for the
co-cultures (93).

In vivo vaccination with the rFlaA:OVA fusion protein
efficiently protected mice from OVA-induced gastrointestinal
allergy. Here, vaccination with rFlaA:OVA either intraperitoneal
(93) or intranasal (92) was sufficient to prevent intestinal allergy
induced by continuous challenge with OVA-containing food
pellets. Interestingly, core body temperature, body weight, food
up-take, and symptom scores were significantly improved in
rFlaA:OVA-treated mice in comparison to the respective control
groups (92, 93). This protective effect was associated with a reduc-
tion of Th2 cytokines in intestinal homogenates, suppression of
systemic T cell immune responses, suppression of OVA-specific
IgE-, and induction of OVA-specific IgG2a-responses (93).
Vaccination with rFlaA and OVA alone or provided as a mixture
did neither prevent allergic sensitization nor improve allergy
symptom scores.

Mechanistically, stimulation of mDCs with flagellin fusion
proteins was shown to result in a stronger uptake into mDCs
(92, 96) accompanied by an increased resistance to microsomal
digestion (92, 96). Interestingly, stimulation with rFlaA:Betvl
was shown to result in an increased metabolic activity of the
stimulated mDCs characterized by a high rate of glycolysis fol-
lowed by lactic acid fermentation, known as the Warburg effect
(130). Further analysis suggested an activation of the mammalian
target of rapamycin 1 complex in mDCs stimulated with the
fusion protein (96). In this context, recent studies suggest that
mTOR is not only a master regulator of cell metabolic function
but also regulates innate immune responses (131).

Inhibition of the mTOR complex by pre-treatment of the cells
with rapamycin dose-dependently suppressed the induction of
anti-inflammatory IL-10 secretion by rFlaA:Betvl, but not pro-
inflammatory cytokine secretion (IL-1p and IL-6). These find-
ings show that interestingly, the immune-modulatory cytokine
secretion, and therefore the DC tolerizing capacity, of this vaccine
candidate was linked to the activation of mDC metabolism.
Similar results were obtained for a fusion construct consisting of
FlaA and the major mugwort allergen Art v 1 (95).

Non-TLR Ligands with DC-Tolerizing Potential

In the context of allergy treatment, some non-TLR ligands have
been reported to induce DCs with tolerizing potential. Here,
Bordetella pertussis-derived filamentous hemagglutinin was
shown to induce the production of IL-10 by DCs promoting the
differentiation of CD4*CD25*CCR5"¢"CD28"°*CTLA-4"" IL-10-
and IL-5-co-producing Tr1 cells (97).

Moreover, Gerstmayr and colleagues generated a recom-
binant fusion protein of a bacterial surface (S-layer) protein
of Geobacillus stearothermophilus (SbsC) and the major birch
pollen allergen Bet v 1 as a vaccine candidate to improve the
treatment of birch pollen allergy. The SbsC:Bet v 1 fusion pro-
tein displayed reduced mediator-releasing capacity, while both
preserving Bet v 1-T cell epitopes, and the potency to induce
IEN-y and IL-10 production in Bet v 1-specific Th2-biased
T cell clones (98). DCs stimulated with the fusion protein

were shown to have a semi-mature phenotype characterized by
enhanced expression of CD40, CD80, and CD86 which were
still lower than the levels induced by stimulation with LPS
(Figure 3A) (98). Moreover, the SbsC:Bet v 1 fusion protein
strongly increased DC-derived IL-10 and IL-12 secretion (98).
Functionally, DCs matured with SbsC:Bet v 1 induced the
IL-12- and IFN-y-dependent differentiation of naive T cells
into IFN-y-producing T cells co-producing IL-4, suggesting
a ThO phenotype (Figure 3B) (98). In addition, naive T cells
also differentiated into IL-10-producing CD4*CD25*Foxp3+*C
LTA-4" regulatory T cells capable of active suppression, thus
promoting the simultaneous differentiation of Th0/Th1 cells
and regulatory T cells (Figure 3B) (98).

OTHER FACTORS CONTRIBUTING TO
THE INHIBITORY CAPACITY OF DCs

Although many studies described the suppressive capacity of
IL-10 secreting DCs, several other factors were reported to
also mediate suppression of T cell responses without inducing
DC-derived IL-10 production. Here, LPS- or polyriboinosinic-
polyribocytidilic acid-induced production of IL-1p, indoleamine
2,3-dioxygenase (132), transforming growth factor-beta 1,
vitamin D3 (133), corticosteroids, cyclosporine (134), as well
as neuropeptides have been used to generate tolerogenic DCs
(135, 136). Therefore, although the induction of IL-10 reproduc-
ibly leads to a tolerogenic phenotype of the induced DCs, other
agents may also be used to generate DCs able to suppress T cells
responses.

SUMMARY

Because of their potent T cell stimulatory as well as regulatory
properties DCs have become a highly attractive tool in vaccine
development to modulate antigen-specific immune responses.

While for cancer treatment and vaccination against infectious
diseases the efficient induction of adaptive immune responses
against the target antigens is the desired outcome when applying
DC-based vaccination approaches, the therapy of autoimmune
diseases, transplantat rejection, allergic reactions, or the control
of chronic inflammation aims to induce DCs with tolerogenic
properties.

Comparing IL-10-producing DCs induced either by IL-10-
treatment or IL-10-transduction to IL-10-secreting DCs gener-
ated by stimulation with bacteria and bacterial components has
revealed striking differences in the phenotype of the induced
DCs and therefore the mechanism of tolerization: tolerogenic
DCs generated by non-bacterial stimuli are arrested in an
immature or semi-mature state, characterized by the production
of reduced amounts of cytokines that promote T cell activation
such as IL-12 and IL-6, a reduced capacity to present exogenous
antigens, and the expression of lower amounts of co-stimulatory
molecules.

In contrast to this, treatment of DCs with live or killed bacteria
as well as isolated bacterial components results in the induction
of both anti-inflammatory IL-10- as well as pro-inflammatory,
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Thl-promoting, IL-12 secretion often paralleled by an enhanced
expression of co-stimulatory molecules on the stimulated DCs.
This induction of Thl-priming, tolerogenic DCs generated
by strongly activating stimuli was shown to suppress allergen-
specific Th2-responses via the induction of either Th1-like Tregs,
CD4*CD25%Foxp3™ Tregs, or Tr1 cells.

Therefore, while displaying the ability to directly suppress
both Thl- and Th2-responses by different mechanisms, IL-10-
producing DCs can efficiently modulate antigen-specific-specific
immune responses via the induction of T cell subsets with regu-
latory functions. This makes IL-10-producing DCs promising
therapeutics to improve the treatment of allergic diseases.

Over the past few years, we have started to understand
the complex molecular mechanisms underlying the immune
modulatory capacity of IL-10-producing DCs, identifying
novel DC-derived factors that drive T cell tolerization such as
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Non-specific lipid-transfer proteins (nsLTPs) represent a family of ubiquitous plant
proteins belonging to the prolamin superfamily. nsLTPs are characterized by a globular
a-helical structure stabilized by four disulfide bonds and a hydrophobic cavity which acts
as ligand-binding site for a broad spectrum of lipids and hydrophobic molecules. nsLTPs
are involved in membrane biogenesis and in the adaption of plants to abiotic and biotic
stress. They display antimicrobial activity by the ability to permeabilize the cell mem-
brane of phytopathogens. Moreover, in the presence of lipids, nsLTPs are suggested
to activate the plant immune system by a receptor-dependent mechanism. Additionally,
nsLTPs from pollen and plant-derived food, in particular type 1 nsLTPs (9 kDa), are
described as potent allergens. Within the nsLTP family Pru p 3 from peach is the clinically
most relevant allergen which can cause genuine food allergy and frequently elicits severe
clinical reactions. So far, the allergenic properties of nsLTPs are attributed to both their
low molecular mass and their high thermal and proteolytic stability which allow them to
reach the immune system in a biological intact form. Recently, the interaction of nsLTPs
with lipids has been suggested to increase their allergenic properties and to promote the
allergic sensitization to these proteins. This review will summarize the current knowledge
on diversity of lipid ligands of plant LTPs, and illustrate recent studies performed with
allergenic nsLTPs to investigate the effect of lipid binding on the structural modification
and IgE-binding properties of proteins, and finally the potential effect on the innate
immune responses.

Keywords: non-specific lipid-transfer protein, allergen, lipid, fatty acid, (glycero)phospholipid, CD1d, invariant
natural killer T cell

INTRODUCTION

The incidence of allergies is increasing worldwide (1, 2). However, the reason why only few protein
families cause aero- and food allergy is still unsolved. There is increasing evidence that the allergenicity
of proteins cannot be solely attributed to structural and physicochemical properties of the molecules
itself (3). Factors which determine the allergenicity of food proteins are highly diverse, comprising
also matrix effects, and the interaction of allergens with natural ligands affecting their antigenicity
and immunogenicity (3, 4). Upon ingestion of food, allergens and lipids, including fatty acids (FAs),
glycerolipids [triglycerides and phospholipids, e.g., phosphatidylcholine (PC)], or sphingolipids, are
delivered to the immune system, either admixed in an unbound form or as a complex when lipophilic
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molecules act as natural ligands of allergens. In both cases, the
presence of lipids was suggested to modify the allergenicity and
the immune-modulating properties of the antigens (5).

IMPACT OF LIPIDS ON THE
SENSITIZATION CAPACITY
OF FOOD ALLERGENS

Several studies indicated lipid mediators derived from bacterial
and pollen contaminants and dietary lipids to modulate the
allergenic properties of proteins (6). Phospholipid binding to Ber
e 1 (major Brazil nut allergen, 2S albumin) via the engagement of
IL-4-producing invariant (i)NKT cells (7, 8), binding of dietary
medium-chain triglycerides to peanut proteins, PC binding to the
Bet v 1-homologous apple allergen Mal d 1 (9), phosphatidylglyc-
erol (PG) binding to Ara h 1 (7S globulin from peanut) and Sin a
2 (118 globulin from mustard) (10), and preincubation of peanut
extract and allergen Ana o 2 from cashew with oleic acid (11)
were reported to change the immunogenicity of the respective
allergens by either increasing allergen stability and IgE-reactivity
or stimulating allergen absorption and subsequent Tu2 responses.
Here, lipid extracts from nuts favor allergen-induced inflam-
matory responses by increasing IL-4/IL-10 ratios and IL-1B
secretion from human monocyte-derived DCs (moDCs) (11).
Moreover, purified peanut-derived lipids applied together with
either Arh 1 or Arah 2 were reported to trigger pro-inflammatory
responses (IL-8, IL-6, and TNF-a secretion) while inhibiting anti-
inflammatory IL-10 release from human keratinocytes (12).

In summary, lipophilic components, mainly the oil or lipid
fraction from nuts, have immune-modulating capacity and can
affect the allergic response. However, in contrast to the mode of
the molecular interaction, (1) the impact of lipids on the allergic
sensitization and (2) the effect of lipid binding to food allergens
on their immunogenicity and allergenicity are less investigated.
Lipid-binding properties have been suggested for numerous food
allergens, e.g., the Bet v 1-family (Ara h 8, peanut, Mal d 1, apple),
lipocalins (Bos d 5, bovine milk), 2S albumins (Ber a 1, brazil nut,
Sin a 1, mustard), 7S and 11S globulins (Ara h 1 and Sin a 2), alpha-
lactalbumin Bos d 4, vicilin Gly m 5 (soybean), legumin-like protein
Ana o2 (cashew), as well as plant non-specific lipid-transfer proteins
(nsLTPs) (5, 6). From an allergological viewpoint, the interaction
of lipids with nsLTPs is of special interest because these proteins
frequently induce severe clinical symptoms. Therefore, this review
will focus on the interaction of different lipids with nsLTPs.

STRUCTURAL INTERACTION OF FOOD-
DERIVED LIPIDS WITH nsLTPs

Biological Properties of nsLTPs

Non-specific lipid transfer proteins represent a family of small
and ubiquitously expressed plant proteins belonging to the
prolamin superfamily. nsLTPs are cysteine-rich proteins which
are stabilized by four internal disulfide bonds. Two nsLTP
subfamilies, 9 kDa nsLTP1 and 7 kDa nsLTP2, are known, both
characterized by a globular a-helical structure with a tunnel-like
hydrophobic cavity. This cavity makes them suitable for binding

and transportation of various lipids (13, 14). Although the physio-
logical function of nsLTPs is contentious, strong evidence has
been provided for nsLTPs to function as intra- and extracellular
carriers for a broad spectrum of lipids required for membrane
biogenesis. Furthermore, nsLTPs are members of the family of
pathogenesis-related proteins 14 and are involved in the adap-
tion of plants to abiotic and biotic stress. The role of nsLTPs in
plant defense is suggested to result from (1) a direct antimicrobial
activity facilitated by permeabilization of cell membranes of phy-
topathogenic bacteria and fungi and (2) a putative fungal elicitin
(nsLTP homolog) receptor-dependent activation of the plant
immune system in the presence of lipids (15-18). By contrast,
several reports suggest that lipid-binding and antimicrobial
properties are spatially separated (19).

Interaction of nsLTPs With Lipids

The majority of studies investigating the structural interaction of
lipid ligands with plant nsLTPs has been performed in mono-
cotyledons, e.g., barley, rice, wheat, or maize, to elucidate their
physiological function (17). nsLTPs can bind a wide range of
ligands, including molecules of organic solvents, certain drugs,
acyl derivatives of coenzyme A, sterols, prostaglandin B2 (PGB,),
and likely most importantly aliphatic lipids, comprising glycer-
ophospholipids (PG and PC) and derivatives thereof, including
lysophospholipids (lyso-PG and lyso-PC), as well as FAs or
FA-dervatives (14, 20). Plant nsLTPs can bind one or two fatty acyl
chains by non-cooperative or cooperative binding sites with Kps
in the low micromolar range: 'H NMR and 2.1-A crystal structure
analysis revealed that TaLTP1.1 from wheat (Triticum aestivum)
can accommodate either one molecule of 1,2-dimyristoyl-PG or
two molecules of 1-myristoyl-2-hydroxy-PC (L-a-myristoyl-PC,
lyso-PC, LMPC) in a “head-to-tail” orientation (14, 20). In addi-
tion, TaLTP1.1 was crystallized in a complex with PGB,, an FA
derivative originated from Cy-unsaturated arachidonic acid.
Moreover, studies provided evidence that nsLTPs form the most
stable complexes with different C10-C18 chain unsaturated FAs
containing one or two double bonds in the cis configuration, e.g.,
linoleic and oleic acid (18). Using pea nsLTP1 it was reported that
unsaturated FA, e.g., linoleic (C18:2, all-cis-9,12) and linolenic
(C18:3, all-cis-9,12,15) acids rather than saturated FAs, and
lysolipids, e.g., negatively charged LMPG (C14) and L-a-palmitoyl-
phosphatidylglycerol (LPPG) (C16), showed strongest interaction
with the allergen (21). Notably a tomato LTP was found to bind
L-a-palmitoyl-lysophosphatidylcholine (C16). This complex was
stable even after thermal treatments with up to 105°C (22).

Structural Modification Induced

by Lipid Binding

Of note, nsLTPs lack a marked specificity for ligands which
can be attributed to the flexibility of the van der Waals volume
of internal hydrophobic cavities sufficient to accommodate
either single- or double-chain lipids. The structural variability
of the internal cavity has been shown by a more than fourfold
increase of the cavity volume after binding of FAs (18). The
volume of the cavity of TaLTP1.1 increases from 300 + 50 to
786 + 43 A® upon PGB,-binding (14). Lipid binding to nsLTPs
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by the engagement of conserved amino acids at the entrance of
the tunnel and subsequent reshaping of the internal hydrophobic
cavity is accompanied by a conformational (micro)heterogeneity
of the molecules. So far, it is unclear whether the conformational
modification affects biological function and allergenicity of the
lipid-complexed nsLTPs.

Lipid Binding to nsLTP1 and nsLTP2

Several studies demonstrated the heterogeneity of lipid interac-
tion with nsLTPs from different plant species, between nsLTP
isoforms, or members of the nsLTP1 and nsLTP2 subfamilies.
However, it seems that the highly conserved amino acids Argu
and Tyry in nsLTP1 (e.g., from rice) and Phess, Tyrss, and Tyras
in nsLTP2 at the entrance of the hydrophobic cavity are crucial
for lipid “uptake” (18). Hence, these data suggest that all nsLTPs
are capable to bind lipids, but the specificity and binding affinity
of the ligands cannot be deduced. Furthermore, wheat nsLTP1
(TaLTP1.1) has been shown to bind LMPC (PDB 2BWO) (20),
whereas a crystal structure showed wheat nsLTP2 (TaLTP2.1) to
interact with LPPG (23). In addition, nsLTP1 has been reported
to accommodate either one or two molecules of linear mono- or
diacylated lipids, whereas nsLTP2 can bind even planar sterol
molecules (19). The binding properties of nsLTPs were attri-
buted to the size of the hydrophobic cavity being more spacious
for nsLTP2. Another study showed the cavity of rice nsLTP2,
although it is smaller than that of rice nsLTP1, to be flexible
enough to accommodate the voluminous sterol molecule (24).

In summary, the structural interaction between lipid ligands
and nsLTPs shows the diversity of bound ligands and the hetero-
geneity of binding modalities. However, the question remains
whether the type and mode of lipid binding determines the
biological function and whether it affects the allergenic proper-
ties of nsLTPs.

INTERACTION OF LIPIDS WITH
ALLERGENIC FOOD nsLTPs LIKELY
EFFECTS THE STABILITY AND IgE-
REACTIVITY OF THE COMPLEXED
ALLERGEN

Plant-derived nsLTPs are among the clinically most important
food allergens frequently eliciting severe clinical reactions
(25, 26). Curiously, nsLTPs are described as allergens in the
Mediterranean area rather than in Central and Northern Europe.
Actually, more than 35 nsLTPs, almost all belonging to the nsLTP1
subfamily, have been described as food allergens (according the
IUIS allergen nomenclature subcommittee) (26). So far, the
strong allergenic properties of nsLTPs are attributed to their high
resistance to both heat treatment and gastrointestinal enzymes
(26). However, up to now only a limited number of studies inves-
tigated the interaction between lipids and allergenic nsLTPs and
its effects on IgE-binding capacity and allergenic potency.

Peach nsLTP Pru p 3, the prototypic member of the nsLTP
family, has been described as a genuine allergen inducing primary
sensitization (26). In vitro Pru p 3 was able to cross Caco 2 mono-
layers (27). The transcellular transport of Pru p 3 occurred via a

lipid raft pathway that did not disturb the integrity of the tight
junctions but induced epithelial cell-derived production of the
Tu2-promoting cytokines TSLP, IL-33, and IL-25 (27).

The hydrophobic cavity of Pru p 3 displays a remarkable
degree of plasticity allowing for the binding of ligands in different
orientations (25). From structural analysis, the authors assumed
a hypothetical ligand bound to Pru p 3 resembling lauric acid.
In silico analysis revealed the amino acid residues supposed to
participate in lipid binding are conserved in the allergenic peach
nsLTP Prup 3 (21).

Notably linoleic, palmitic, and oleic acids are described as main
components of peach oil (28), and linoleic acid has been found as
major FA in wheat (29). Recently, substantial binding of palmitic
(and linoleic) acid to Pru p 3 rather than to wheat LTP was demon-
strated experimentally (29). Surprisingly, lipid binding to wheat
LTP was associated with an increased susceptibility to gastrointes-
tinal proteolysis, which was due to a conformational change and the
exposure of an additional protease cleavage site (29). Nevertheless,
the authors speculated that lipid binding to other nsLTPs may have
an opposite effect by increasing the stability and therefore may be
capable to contribute to the allergenicity of the molecules/respective
allergens. In line with this, Vassilopoulou and co-workers showed
a slightly protective effect to the gastric digestion of PC admixed
with grape LTP (30). However, the protease-treated nsLTP:lipid
complex did not show an increased allergenicity.

Of note, unsaturated FA (oleic, linoleic, and elaidic acid) and
short chain saturated lauric acid (C12) were confirmed to bind
to Pru p 3 by 1,8-ANS-competition assays (31). Binding of oleic
but not stearic acid (saturated C18) increased IgE-reactivity and
basophil activation by conformational changes. This effect was
less pronounced for allergenic nsLTPs Jug r 3 (English walnut)
and Cor a 8 (hazelnut) (32).

An independent study suggested a derivative of 10-OH-
camptothecin potentially bound to the hydrophobic tail of phyto-
sphingosine (C18) as the natural ligand for Pru p 3 (33). Both
molecules, identified by ESI-qToF, were co-purified together with
natural Pru p 3 (33). In silico analysis suggested phytosphingosine
to be bound to the hydrophobic cavity of Pru p 3. Here, ligand
binding was associated with a slight structural modification of
Pru p 3 and a distortion of the CD spectrum of Pru p 3 in the
190-200 nm region (33).

In summary, several FAs, likewise saturated lauric acid and
unsaturated oleic acid (31) as well as palmitic acid (29), and
phytosphingosine (33) were described as ligands for Pru p 3
(Table 1). The conjugation of lipids to nsLTPs may influence the
IgE-binding capacity by structural modification of allergens (31).
So far, the effect of lipids on the stability of allergens is discussed
controversially.

INTERACTION OF LIPIDS WITH
ALLERGENIC FOOD nsLTPs AND
ITS EFFECT ON THE ALLERGIC
SENSITIZATION

Apart from the effect of lipid binding on the stability and IgE-
reactivity of nsLTPs, the interaction with lipids might increase
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TABLE 1 | Lipophilic ligands of food-derived nsLTPs.

Fatty acid Formula nsLTP Reference
Decanonic acid [C10] 0 Maize LTP (14)
CHs(CHz);CHz~ “OH
Lauric acid [C12] (0] Prup 3 (29)
Lentil LTP
CHy(CH2)sCHz™ "OH Maize LTP (14)
Myristic acid [C14] 0o Maize LTP (14)
CHa(CHz)1CHs~ “OH Rice LTP
Palmitic acid [C16] )?\ Prup3 1)
i 14
Barley LTP
Stearic acid [C18] j\ (Prup 3) 31,32
Jugr 3
CHs(CHo)1sCH5~ “OH P
Maize LTP
Rice LTP
Palmitoleic acid [C16:1, cis-9] j\ (Pea LTP) 1)
=~ Maize LTP
CH3(CH,)4CH3 CHo(CH,)sCHz~ “OH R?;‘*LTP
Oleic acid [C18:1, cis-9] W/\)OL Prup3 31, 32)
CH3(CHo)gCH;™ OH (((\J:L:)? ;38))
(Mal d 3)
Maize LTP
Ricinoleic acid [C18:1, cis-9, o Maize LTP (14)
12-OH] > OH
HO,
(CH2)sCH3
idic acid [C18: ) o}
Elaidic acid [C18:1, trans-9] Hac(H20)7/W Prup3 31)
Linoleic acid [C18:2, cis-9,12] j\/\/\/m Prup 3 1, 29, 31)
HO T """ “CHy(CHy)sCHs Fl’fa LTP
rup 3
Linoleinic acid [C18:3 cis-9,12,15] J(J)\ Pea LTP @1)
7 “CHy(CHz)sCHz ~OH (Tia14) (29)
(Maize LTP) (14)
|
N-"CH,
(Phospho) Lipids
LLPC [C12] @) C Barley LTP 1)
M _P-
O/\\(\O / o\/\ N+’
HO H
LMPG [C14] o C Pea LTP @1)
/\/\/\/\/\/\)I\O/Y\O’P\O \)\/OH
HO H (on
(Continued)
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TABLE 1 | Continued

Fatty acid Formula nsLTP Reference
(Phospho) Lipids
LMPC [C14] /\/\/\/\/\/\j\ 0 Wheat LTP1 (20)
—~P~—, Pea LTP 14
O/Y\O ,: N - (14)
HO (ol [
DMPG [C14/C14] )CJ)\ 0 OH Wheat LTP1 (20)
11
CHs(CHo)11CHy~ 0 0-P-0. K _oH
0.0 ONa
CHa(CHz)11CH3
LPPG [C16] /\/\/\/\/\/\/\)l\ 0 OH Wheat LTP2 ©29)
_pe Pea LTP 1)
O/X\o ; o._J_oH
HO (o
LPPC [C16] ﬁ) Tomato LTP ©2)
/\/\/\/\/\/\/\)J\ —P~ Pea LTP @1)
O/Y\o ! 0. \/\ N +
HO (on | ~
Phosphatidylcholin j\ o CHs Grape LTP (admixec) (30)
R O/\£/\O~III’I'0\/‘TEI*‘CH3 Maize LTP > wheat (34)
o 6 o CHa LTP
R
Others
Phytosphingosine [C18] NH, OH * HCI Prup3 33)
H D
O CHa(CHa) CHs
OH
Prostaglandin B2 Wheat LTP1 (14)
(o)
Ho,
H3C(HzC)4 |
o)
HO
(Ergo)sterol LTP2 (19, 24)
Rice LTP2 (24)
Jasmonic acid Pea LTP 21)
ch/\)
a-GalCer HO CD1d ligand (control) (35)

HOl o OYCHz(CHz)mCHs

OH NH OH

O
HO > Y CHa(CH2)12CHs

OH

Chemical structure of lipids and nsLTPs reported to bind the respective lipids are indicated. nsLTPs with strongest lipid binding capacity are indicated in bold, allergenic nsLTPs are

indicated according to nomenclature suggested by the IUIS allergen nomenclature subcommittee.

LLPC, 1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine; LMPG, 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1’-rac-glycerol); LMPC, 1-myristoyl-2-hydroxy-sn-glycero-3-
phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol); LPPG, 1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol); LPPC, 1-myristoyl-2-

hydroxy-sn-glycero-3-phosphocholine.

nsLTPs, non-specific lipid-transfer proteins; LPPG, L-a-palmitoyl-phosphatidylglycerol; LPPC, L-a-palmitoyl-lysophosphatidyicholine.
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immunogenicity of the antigen. Although lipid binding is a by involvement of CD1d-mediated activation of iNKT cells
common feature of many allergens (6), studies addressing the  (38). The suggested ligand of Pru p 3, 10-OH-camptothecin-
molecular mechanism by which the innate and allergen-specific ~ phytosphingosine, was presented via CD1d on antigen-
adaptive immune responses are triggered are limited. presenting cells to interact with human (and mouse) iNKTs and

Recently, it has been reported that an olive pollen-derived =~ was shown to act as an adjuvant to promote IgE-sensitization
lipid fraction was capable to upregulate CD1d (a class I MHC-  to Pru p 3 (Figure 1). Notably, a-GalCer, which is well known
like molecule) expression on human macrophages (M¢) and  to induce type I iNKT cell activation, comprises a phytosphin-
moDCs, and to activate invariant natural killer T (iNKT) cells  gosine, which is an important component for binding to CD1d
(36, 37). Although an allergen-specific response was not inves- (35, 39). Interestingly, the complex, but also the lipid ligand
tigated, the authors suggested lipid binding to the allergen to  alone, induced maturation of human moDCs and proliferation
have an influence on the allergen-specific immune response. ~ of PBMCs, and its component phytosphingosine was capable
Experimental evidence was provided that binding of a natural ~ to activate NF-kB signaling in the human M¢ cell line THP-1
lipid ligand to Pru p 3 provokes the allergic sensitization process  (35). By contrast, another study showed the anti-inflammatory

Stability

Structural
modification

LA n
CH3(CH2)6CH2/=\/\N\)]\OH

Fatty acid

IgE reactivity

l Absorption

Q Q ‘ Q Q Q Q Q Q O (E:gliltshelial

Cytokine-

mediated
IFN-y activation

IL-2, IL-17,

t
B’/’ IL-10, TGF-B

C IL-25, IL-33, TSLP
AH

IL-5 CD1d-
IL-4 mediated
©IL-13 activation

; - Allergic
Pro- Anti- sensitization

inflammatory
cytokines

FIGURE 1 | Impact of lipid binding to non-specific lipid-transfer proteins (nsLTPs) on the IgE-reactivity and allergic sensitization. Lipid binding can affect gastrointestinal
stability and IgE-reactivity of nsLTPs. Whether the altered IgE-reactivity upon lipid binding is accompanied by structural modification of the protein remains to be
elucidated. Moreover, lipids can induce a cytokine- or CD1d-mediated activation of invariant natural killer T (iNKT) cells. Microbial lipids are sensed by pathogen
recognition receptors (PRRs) on APCs (DC and M¢) and induce an IL-12-mediated activation of iNKT cells which is accompanied by INF-y secretion. Other lipid ligands
which are administrated to APCs in a complex with nsLTPs are internalized, loaded on CD1d, and presented to the TCR (Va24/Ja18* in humans) on iNKT cells. The
CD1d-restricted activation of INKT cells by nsLTP-lipid complexes is suggested to promote the allergic sensitization by inducing T+2-cytokine secretion. In line with

this, iINKT cells can promote airway hyperreactivity (AHR) in the presence of IL-25, IL-33, and TSLP. However, activated INKT cells can display a Tx1- (INF-y) and

Th2- (IL-5, IL-4, and IL-13) like plasticity and lipids can either promote or attenuate NLRP3 inflammasome activity and induce both pro- or anti-inflammatory cytokines.
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activity of phytosphingosine by inhibiting the NF-kB pathway
(40). Remarkably, epicutaneous sensitization of BALB/c mice
by the Pru p 3-ligand complex induced higher levels of Pru p
3-specific IgE antibodies and enhanced basophil activation in
comparison to Pru p 3 alone (38). The authors suggested (1) Pru
p 3 to act as carrier and to mimic endogenous saposins which
are involved in the loading of lipids to CD1d and (2) the intrinsic
adjuvant activity of the accompanying lipid cargo could be a
general and essential feature of the mechanism underlying the
phenomenon of nsLTP-mediated allergy. Of note, a modification
of the lipid cargo phytosphingosine chain can manipulate the
iNKT cells to produce different amounts of either IL-4 or IFN-y
polarizing immune response toward either Tyl or Tu2 (35).

In the study by Tordesillas and co-workers (38), the adjuvant
effect of lipid alone in regard to its effects in vivo, its properties to
modulate cytokine secretion in PBMCs, and the CD1d-mediated
lipid presentation without Pru p 3 as carrier were not addressed.
Although, the interaction of lipids with nsLTPs likely affects the
development of an allergic inflammation, it remains to be eluci-
dated whether lipid binding into the cavity of nsLTPs is required to
exert all immune-modulating properties. So far, the effect of other
described lipid ligands on the allergen-specific immune response
to nsLTPs is poorly characterized and it remains unknown
whether FA ligands of Pru p 3 have immunological properties to
activate iNKT cells.

DISCUSSION

Non-specific lipid-transfer proteins can bind a broad variety of
lipids due to versatile binding abilities of the proteins. Whether
the lack of binding specificity can be explained with a structural
flexibility of the binding cavity which accounts for the variable
lipid-binding modalities between different nsLTPs and isoforms
is controversially discussed (41). Moreover, the lipid binding
capacity of nsLTPs depends on the chemical nature of the ligand
and key amino acids at the entrance of the hydrophobic cavity.
The interaction of certain lipids with nsLTPs has been suggested
to affect both the IgE-reactivity and immunogenicity of the
respective allergens. The hypothesis is deduced from reports
that lipid binding to nsLTPs can slightly alter protein structure
and therefore also conformational IgE-binding sites affecting the
stability and IgE-binding properties of nsLTPs. However, whether
lipid binding to nsLTPs increases the intrinsic immunogenicity,
by inducing biologically relevant structural changes in the result-
ing nsLPT:lipid complex and/or by activation the innate immune
system is not fully clarified at the moment.

In general, precise analysis of the nsLTP-lipid complex is
required to discriminate whether lipids are bound to the cavity
of nsLTPs or are simply attached to the surface of the protein.
Moreover, for the assessment of lipid binding properties of
nsLTPs any natural, pre-loaded lipids need to be excluded. This
is of particular importance since the purification of recombinant
nsLTPs can be associated with a co-purification and binding of
lipids derived from the natural source or the applied heterologous
expression system (25). Finally, it should be taken into account
that the composition of lipids and free sterols changes due to
development and ripening of fruits (42).

Whereas the mode of interaction between lipids and nsLTPs
is well investigated, the effects of lipid binding on the allergic
sensitization and the molecular mechanisms in effector cells are
largely unknown. In line with this, it could also be speculated that
nsLTP interaction with lipids will protect from gastrointestinal
digestion and promote the absorption of intact nsLTPs into the
intestinal tissue and blood stream. Although not experimentally
proven, the interaction of nsLTPs with the lipid bilayer of the cell
membrane might mediate a facilitated endocytosis and subse-
quent antigen processing and presentation.

The interaction or co-exposure of lipids together with nsLTPs
is an attractive model to further explain the pathomechanism of
nsLTP-mediated allergies, but also other hypersensitivity reac-
tions triggered by allergens with lipid-binding properties. Here,
the suggested function of nsLTPs as lipid carriers, e.g., to target
lipid adjuvants and antigen simultaneously to APCs, needs to be
further investigated. So far, lipid binding to nsLTPs has been shown
to result in CD1d-restricted activation of iNKT cells promoting
allergic sensitization (Figure 1). However, additional mecha-
nisms, likewise lipids engaging pathogen recognition receptors
(PRRs) and lipids influencing the absorption of allergens through
the epithelial barrier, might be involved to modulate the immu-
nogenicity of nsLTP:lipid complexes (43). Future research needs
to consider that nsLTP-associated lipids potentially can function
as danger signals to activate PRRs and can influence the NLRP3
inflammasome in APCs. Specifically, saturated FAs have been
shown to promote inflammation and polyunsaturated FAs have
been shown to impede inflammasome activity (44). Whether FA
delivered to APCs by nsLTP cargo proteins are be capable to modu-
late inflammasome activity has not been investigated. Taking
into account the diversity of lipid ligands, it could be speculated
that both pro- or anti-inflammatory immune responses and Ty1-
or Ty2-polarized antigen-specific immune responses could be
induced, respectively. In fact, lipids possess intrinsic adjuvant
activity and likely can modulate the allergenicity of proteins not
only by altering protein structure and stability upon binding (29)
but also by direct interaction of bound and unbound lipids with
immune cells. Free FA can modulate proliferation and cytokine
secretion of T cells differentially, depending on their saturation
grade and the stimuli used (43).

The reported studies describing lipid binding to nsLTPs have
used different experimental approaches to tackle the complex
task of characterizing lipid binding to nsLTPs: (1) in silico experi-
ments by molecular modeling have been applied to predict
interactions between different lipid ligands and the binding cavity
of the respective nsLTP, (2) purified nsLTPs have been exposed
to different lipids in vitro to determine the binding capacity of
the respective lipids to the tested nsLTP and finally, and (3) lipids
ligands were isolated from natural Pru p 3 in order to identify the
lipids naturally bound to the allergen.

While in vitro binding experiments have shown that, in
accordance with their function as nsLTPs, the different nsLTPs
tested can bind a variety of different lipids, unexpectedly the lipid
isolation experiments using natural purified Pru p 3 reported a
single, major lipid ligand to be bound to the cavity of Pru p 3.
Here, future research should aim to systematically characterize
ligand binding to both allergenic- and non-allergenic LTPs. It
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is tempting to speculate that lipid binding and/or the activation
of the innate immune system lipids contributes to the higher
allergenicity of certain nsLTPs.
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Lipopolysaccharides (LPS) are potent activator of the innate immune response through
the binding to the myeloid differentiation protein-2 (MD-2)/toll-like receptor 4 (TLR4)
receptor complexes. Although a variety of LPSs have been characterized so far, a detailed
molecular description of the structure—activity relationship of the lipid A part has yet to be
clarified. Photosynthetic Bradyrhizobium strains, symbiont of Aeschynomene legumes,
express distinctive LPSs bearing very long-chain fatty acids with a hopanoid moiety
covalently linked to the lipid A region. Here, we investigated the immunological proper-
ties of LPSs isolated from Bradyrhizobium strains on both murine and human immune
systems. We found that they exhibit a weak agonistic activity and, more interestingly, a
potent inhibitory effect on MD-2/TLR4 activation exerted by toxic enterobacterial LPSs.
By applying computational modeling techniques, we also furnished a plausible expla-
nation for the Bradyrhizobium LPS inhibitory activity at atomic level, revealing that its
uncommon lipid A chemical features could impair the proper formation of the receptorial
complex, and/or has a destabilizing effect on the pre-assembled complex itself.

Keywords: lipopolysaccharide, innate immunity, inflammatory cytokines, myeloid differentiation protein-2/toll-like
receptor 4, Bradyrhizobium lipid A, molecular modeling

INTRODUCTION

Lipopolysaccharides (LPSs) are amphiphilic molecules covering the outer membrane of most Gram-
negative bacteria. They are widely known to be involved in the elicitation of immune responses
in eukaryotic organisms (1). Structurally, LPSs, in their smooth-form (S-LPS), are tripartite
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macromolecules built up of a polysaccharide moiety, termed
O-antigen, and a core oligosaccharide region covalently linked
to a glycolipid domain termed lipid A; the latter is the most con-
served part and is responsible for the immunopotency exerted
by LPSs isolated from pathogenic Gram-negative bacteria (2).
In mammals, the lipid A component of the LPS is the primary
immunostimulatory moiety of Gram-negative bacteria and
acts as strong stimulator of the innate immunity. The endotoxic
properties of the lipid A, namely its capacity to activate the
host innate immune response, are strongly influenced by its
primary structure. An overacting immune response, due to an
uncontrolled and massive circulation of toxic LPS, can result in
severe symptoms of sepsis and, in the worst case, septic shock
and multi-organ failure. Interestingly, lipid A displaying moder-
ate to low agonist activity can operate as antagonist reducing or,
in a dose-dependent manner, completely inhibiting a lipid A’
driven immune activation (1, 3, 4). Lipid A binds the receptor
complex made up of toll-like receptor 4 (TLR4) and myeloid
differentiation protein-2 (MD-2) on the plasma membrane of
immune cells thus activating downstream signaling pathways
leading to a rapid release of inflammatory cytokines (1, 5). The
highest known immunostimulatory action on human cells is
exerted by the bis-phosphorylated hexa-acylated lipid A from
Escherichia coli, characterized by an asymmetric distribution
of the acyl chains on the sugar backbone (Figure 1). Structural
features such as the nature, number, and distribution of the fatty
acid (FA) chains as well as the occurrence of phosphate units,
greatly regulate its immunopotency; variation in the acylation
or phosphorylation pattern corresponds to a decrease in the
immunostimulatory (agonist) activity of the lipid A. One of the
first known antagonistic lipid A species acting on the human
MD-2/TLR4 complex is a tetra-acylated partial structure termed
lipid IVa, a biosynthetic precursor of E. coli lipid A devoid of the
secondary acyl moieties (6). The X-ray crystallographic structure
of human MD-2/TLR4 with E. coli hexa-acyl LPS (7) provided
the molecular basis of lipid A recognition by the MD-2/TLR4
receptor complex. Briefly, five of the six FA chains of E. coli LPS
are buried inside the lipophilic pocket of the MD-2 protein
whereas the sixth acyl chain is partially extruded, lying on the
surface and interacting with the partner TLR4 (dubbed TLR4*).
This interaction is the basis for receptor complex dimerization,
promoting the intracellular juxtaposition of the TIR domains and
leading to signal transduction culminating in the elicitation of
the inflammatory process. The X-ray crystallographic structure
of the tetra-acylated lipid IVs in complex with human MD-2/
TLR4 receptor demonstrated that all four acyl chains are sitting
inside the MD-2 binding pocket in a fashion that does not allow
dimerization and subsequent activation (1, 8).

Noticeable efforts have been made so far to identify natural or
ad hoc synthesized lipid A significantly different from enterobac-
terial counterparts and able to interfere or modulate immune/
inflammatory responses mediated by toxic lipid A, such as lipid
IV, and Eritoran (1, 9). These lipid A variants are the most
studied ligands of MD-2/TLR4, which is considered a molecular
target related to several inflammatory pathologies but also to
“modern-day” diseases, including allergies, asthma, and autoim-
mune disorders (10). However, the natural repertoire of LPSs is

undeniably much more diverse, thus opening the possibility to
find natural compounds to active as TLR4 immunomodulators
or alternatively, to synthesize bio-inspired lipid A derivatives in a
perspective of therapy-related drug design.

In this context, rhizobial lipid A remarkably differs from
enterobacterial analogs in terms of acylation and phosphoryla-
tion pattern as well as in the sugar backbone. Previous studies
reported indeed the weak endotoxic activity of rhizobial lipid A as
well as its inhibitory properties toward the toxic effects of entero-
bacterial LPS (11-14), with the single exception of S. meliloti (15).
Rhizobia are Gram-negative bacteria able to establish symbiotic
relationship with legumes and to reduce atmospheric nitrogen
into ammonium, thus providing nitrogen nutrition to the host
plants (16, 17). Rhizobia belonging to the Bradyrhizobium genus
are the most commonly found symbiont for most legume species
in habitats worldwide and constitute the most commonly used
inoculants for cultivated plants of first agronomic importance
(as soybean, peanut, and cowpea) (18-20). Bradyrhizobium lipid
A (21-24) (Figure 1), included the strains ORS278 and ORS285
here used (25), comprises a mixture of species differing by the
number, length, and nature of the acyl chains characterized by
(i) a pentasaccharide sugar backbone; (ii) the occurrence of very
long-chain fatty acids (VLCFA), which have been demonstrated
to be pivotal in the bacterium adaptation to intracellular life
(26-29); and (iii) a hopanoid moiety covalently linked to the
VLCFA, present in a non-stoichiometric fashion.

The observation of expressing the unusual lipid A structure
of Bradyrhizobia strains prompted us to evaluate the impact of
Bradyrhizobium LPS/lipid A on the innate immune system. The
results reported herein revealed an extremely low capability to
elicit an immune response when tested on both murine and
human cells. More intriguingly, a strong inhibitory activity toward
the potent agonist E. coli LPS was observed. In order to shed light
on this behavior, we also investigated the molecular basis of the
mechanism of Bradyrhizobium LPS/lipid A binding to the human
MD-2/TLR4 complex by computational approach, with the aim
to provide a molecular model explaining the antagonist proper-
ties of Bradyrhizobium lipid A.

With this work we meant to complement and expand previous
studies highlighting the potential of rhizobia LPS as a promising
natural source of MD-2/TLR4 immunomodulatory compounds,
that can be of inspiration for development of vaccine adjuvants
and/or endotoxin-based therapeutics as an alternative approach
in the treatment of inflammatory disorders.

MATERIALS AND METHODS

HEK 293 hTLR4/CD14/MD2 Cell Culture,

Transfection, and Stimulation

HEK293 cellline, stably transfected with human TLR4/MD2-CD14
(InvivoGen) was seeded into 96-well plate at the concentration
of 1 X 10° cells/mL. 48 h after seeding the cells were transiently
transfected through PolyFect Transfection Reagent (Qiagen) with
a reaction mix containing 150 ng of Firefly luciferase reporter con-
structs, pGL3.ELAM.tk [harboring nuclear factor kappa B (NF-kB)
promoter sequences], and 15 ng of Renilla luciferase reporter
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FIGURE 1 | Structure of the LPS lipid A from Escherichia coli (left) and Bradyrhizobium strains (right, HOLA). The tetra-acylated lipid A from E. coli (lipid IVa) lacks the
two secondary acyl chains (light blue colored in the figure). HF-LA refers to hopanoid-free Bradyrhizobium lipid A and is devoid of the Hopanoid moiety (light green).
The hexa-acylated lipid A from E. coli contains a bis-phosphorylated glucosamine disaccharide backbone, asymmetrically substituted by six acyl chains.
Bradyrhizobia lipid A is mainly constituted of a mixture of hexa- and hepta-acylated species, possesses a 2,3-diaminoglucose (DAG) disaccharide backbone, a
galacturonic acid residue on the vicinal DAG and an a-(1—6)-mannose disacchaccaride on the distal DAG. The acyl chains are asymmetrically distributed on the
sugar skeleton; of the two secondary very long-chain fatty acids present, one is not stoichiometrically substituted at w-1 position by a hopanepolyol acid.

plasmid, pRLTK (as an internal control). The day after the cells were
incubated with different concentrations of Bradyrhizobium lipid A
or LPS [1, 10, and 100 ng/mL; the LPS and the lipid A preparations
were obtained as previously described (21-24)], or with purified
E. coli LPS (LPS-EB ultrapure; InvivoGen) or with synthetic lipid
IV, used at the same concentrations as above, for 6 h to analyze
NE-«B activity (Dual Luciferase Reporter Assay System, Promega)
and to measure CXCL-8 release (DuoSet R&D System). For the
competition assay, HEK 293-TLR4/MD2-CD14 cells were primed
with 1, 10, and 100 ng/mL of Bradyrhizobium LPS or lipid A, or
lipid IV or with Shigella flexneri hexa-acylated LPS for 1 h and

then exposed to E. coli LPS (10 and 100 ng/mL) for 4 h (30). After
this time, NF-«B activity and CXCL-8 production were measured.

BMDMs Isolation, Culture, and Stimulation
C57BL/6 mice were purchased from Charles River (Charles
River ITALY). BMDMs were derived from the bone marrow cells
collected from 5-week-old female mice, as already reported (31).
Animal studies were conducted according to protocols approved
by the University of Rome La Sapienza and adhered strictly to
the Italian Ministry of Health guidelines for the use and care of
experimental animals.
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BMDMs were differentiated during 7 days in RPMI 1640
(Lonza, Italy), supplemented with 10% of heat-inactivated FBS
(HycloneTM, Euroclone, Italy), 1% di r-glutamine (Lonza,
Italy), 1% sodium pyruvate (Lonza, Italy), 1% NEAA (Lonza,
Italy), 0.5% 2-ME (Gibco, Italy), and 40 ng/mL macrophage
colony-stimulating factor (M-CSF; Miltenyi Biotec). BMDMs
were seeded into 24-well plate (5 X 10° cells per well) and were
incubated with different concentrations of Bradyrhizobium LPS
or lipid A (1, 10, or 100 ng/mL) or with E. coli LPS or with lipid
IV, at the same concentrations as above for 6 h. Where necessary,
polyinosinic-polycytidylic acid, Poly (I:C) (Invivogen) was used
at the concentration of 5 ug/mL. After this time the supernatants
were collected and tumor necrosis factor TNF release was
measured through ELISA (DuoSet R&D System). For the com-
petition assay, BMDM:s were pre-incubated with Bradyrhizobium
LPS or lipid A (10, or 100 ng/mL) or with lipid IV, at the same
concentrations as above for 1 h and then exposed to E. coli LPS
(10 ng/mL) for 4 h. After this time, TNF and CXCL-1 release was
quantified via ELISA.

RNA Extraction and gPCR Analysis of ifn-f§

Expression

Total RNA was extracted from unstimulated or LPS or treated
or Poly (I:C)-treated C57BL/6 BMDM:s through Trizol reagent
(Invitrogen) according to the manufacturer’s instructions.
RNA was converted to cDNA using High Capacity cDNA
Archive kit (Applied Biosystems, Monza, Italy) and random
primers, and finally amplified using Power SYBR 17 Green
PCR Master Mix (Applied Biosystem,). The 2724% method
was applied to analyze the relative changes in expression
profiling of interest genes, as already reported (32). Values
were normalized to the internal tbp gene control. Primers for
gPCR are for ifn-p: F-TCCGAGCAGAGATCTTCAGGAA;
R-TGCAACCACCACTCATTCTGAG. For tbp: F-CTG GAA
TTG TACCGCAGCTT; R-TCC TGT GCA CACCAT TTT TC.

Human Peripheral Blood Mononuclear
Cells (PBMCs) Isolation and Stimulation

Peripheral blood mononuclear cells were isolated from buffy coats
obtained by the blood bank of Sapienza University from healthy
adult volunteers (blood donors) following written informed
consent. CD14+4 monocytes were isolated from PBMCs using the
MACS system (Miltenyi Biotec, Bergisch Gladbach, Germany) and
cultured in complete RPMI 1640 medium (Lonza, Italy, Milan),
supplemented with 10% of heat-inactivated FBS (HycloneTM,
Euroclone, Italy, Milan), 1% di rL-glutammine (Lonza), 1% of
non-essential amino acid solution (NEEA—Lonza), 1% sodium
pyruvate (Lonza), penicillin 100 U/mL-streptomycin 100 pg/mL
(Lonza), and 0.1% di 2-ME (Gibco, Italy). CD144+ monocytes
were seeded at the concentration of 5 X 10° cells/well in 12-mul-
tiwell plate and exposed to 0.05, 0.5, 1, and 10 ng/mL of LPS or
lipid A from Bradyrhizobium or to commercial E. coli O111:B4
or to synthetic lipid IV, at same concentrations as above for 12 h.
Cell supernatants were then collected and processed for ELISA to
measure the levels of TNF and IL-6.

Cytokine Measurement

Murine and human cytokines were determined in supernatants
of stimulated cells by using R&D Systems DuoSet ELISA kits
according to the manufacturers’ instructions.

Molecular Modeling

Structure Construction

The 3D structures of both the hopanoid-containingand HOLA
and HF-LA were built with PyMOL molecular graphics and
modeling package based on the saccharide backbone of E. coli
LPS retrieved from the PDB ID 3FXI. Atoms were modified
and added accordingly and bond type and length were care-
fully selected and revised. The geometry of these two struc-
tures was further optimized with Maestro under the OPLS3
force field. The antagonist conformation of the hTLR4/MD-2
complex was assembled by merging the ectodomain of TLR4
from RCSB (www.rcsb.org) PDB ID 3FXI and MD-2 from PDB
ID 2E59. The latter was aligned to the spatial coordinates of
the MD-2 present in 3FXI and solvent, ligands, and ions were
removed.

Structure Optimization

Hydrogen atoms were added to the X-ray structures using the pre-
processing tool of the Protein Preparation Wizard of the Maestro
package, and then the structures went through a restrained
minimization under the OPLS3 force field with a convergence
parameter to RMSD for heavy atoms kept default at 0.3 A.

Docking Procedure

Gasteiger charges were computed and assigned with
AutoDockTools 1.5.6 to both the proteins and the ligands. Both
HOLA and HF-LA were left flexible by allowing some appropri-
ately selected dihedral angles to rotate whereas the receptor was
always kept completely rigid. The docking was performed with
AutoDock Vina (33). A cubic docking box of 60 A in size and 1 A
in spacing was defined. The box was centered equidistant to the
geometric center of residues Arg90 (MD-2), Arg96 (MD-2), and
Arg264 (TLR4).

Parameterization

The full lipid structures were split into residues to facilitate and
homogenize the parameterization process. The partial charges and
atom types of the 4-substituted and the 6-substituted 2,3-diamino-
2,3-dideoxy-glucose (DAG) monosaccharides composing the
oligosaccharide backbone were established respectively based
on residues 4YB (4-substituted GlcNAc) and 6YA (6-substituted
GlcNAc) of the GLYCAM force field (34). The partial charges
and parameters for the two mannose (Man) residues and the
galacturonic acid (GalA) were retrieved from the GLYCAM force
field respectively under the name OMA, 6MA, and 10A. Partial
charges for the primary and secondary acylation as well as for
the hopanoid residue were derived, with the help of antechamber
(31), following the standard GAFF procedure described in the
AMBER manual and the parameters were assigned by the GAFF
force field.

Frontiers in Immunology | www.frontiersin.org

36

August 2018 | Volume 9 | Article 1888


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
http://www.rcsb.org

Lembo-Fazio et al.

Bradyrhizobium Lipid A Inhibitory Activity

MD Simulations

All MD simulations were performed with AMBER14 (35), the
protein was described by the ff14SB all-atom force field (36),
the pentasaccharide backbone of the BTAil lipid A by the
GLYCAM_06j-1 force field (34) and the other constituents of
the lipid A (the lipid chains and the hopanoid moiety) were
parameterized with the General Amber Force Field (GAFF)
(37). The simulation box was designed such as the edges are dis-
tant of at least 10 A of any atoms. The system was solvated with
the TIP3P water molecules model. One Na* ion was added to
counterbalance the negative charge of the galacturonate group.
All the simulations were performed with the same equilibration
and production protocol. The equilibration protocol contains
height sequential steps. The first one consists of 1,000 steps of
steepest descent algorithm followed by 7,000 steps of conjugate
gradient algorithm; a 100 kcal mol-.A-> harmonic potential
constraint is applied on both the proteins and the ligand. In
the fourth subsequent steps, the harmonic potential is progres-
sively lowered (respectively to 10, 5, 2.5, and 0 kcal mol~".A~?)
for 600 steps of conjugate gradient algorithm each one. In the
sixth step, the system is heated from 0-100 K by a Langevin
thermostat in the canonical ensemble (NVT) under a 20 kcal
mol~'.A-2 harmonic potential restraint on the proteins and the
ligands. The next step heats up the system from 100-300 K
in the isothermal-isobaric ensemble (NPT) under the same
restraint condition than the previous step. In the last step, the
same parameters are used to simulate the system for 100 ps but
no harmonic restraint is applied. At this point, the system is
ready for the production run, which is performed in the NPT
ensemble.

RESULTS

Immunomodulatory Properties of

Bradyrhizobium LPS and Lipid A
Immunological Tests of Bradyrhizobium LPS and
Lipid A on HEK293 hTLR4 Cell Line

To evaluate the immunological impact of Bradyrhizobium LPS
and eventually lipid A, we first analyzed their effect at different
concentrations (1, 10, and 100 ng/mL) in the HEK293 cell line
(38), stably transfected with human CD14/MD-2/TLR4. Similar
concentration of the hexa-acylated, highly stimulatory LPS of
E. coli O111:B4 and the synthetic lipid IV, were used as agonistic
and antagonistic controls, respectively. Likewise, untreated cells
were considered as the negative control in all the experiments
shown. Stimulation of HEK293 hTLR4 was carried out for 6 h
(Figures 2A,B).

With a parallel approach, we used HEK293 hTLR2 cells to
assess whether the biological activity of Bradyrhizobium LPS
could be extended to TLR2, in addition to TLR4 as described for
alimited number of LPS (Figure S1A in Supplementary Material)
(39). Furthermore, assessment of the Bradyrhizobium LPS in this
cell model could rule out a potential role for lipopeptides L(Ps)
contaminating LPS. In HEK293 hTLR2 cells, Pam3CSK4 (Pam3)
(500 ng/mL), a synthetic triacylated lipopeptide (LP) that mim-
ics the acylated amino terminus of bacterial LP, represented the

positive control for a TLR2 ligand. Cells treated with E. coli LPS,
as above, or untreated cells were used as the negative controls.
Activation of NF-kB and Chemokine (C-X-C motif) ligand 8
(CXCL-8, also known as IL-8) production was measured after
6 h of stimulation in both assays. As shown in Figures 2A,B,
stimulation of HEK293 hTLR4 with Bradyrhizobium LPS and
lipid A stimulation elicited a poor NF-kB activation and CXCL-8
production, which were significantly lower with respect to the
values induced by E. coli LPS stimulation (for NF-kB and CXCL-
8, Bradyrhizobium LPS at 10 and 100 ng/mL vs. E. coli LPS at same
concentrations p < 0.001). No activation of NF-kB and CXCL-8
production (Figures S1A,B in Supplementary Material) were
observed upon HEK293 hTLR2 stimulation with Bradyrhizobium
LPS and lipid A, suggesting that neither LPS nor lipid A could
trigger the TLR2-mediated signaling.

Immunological Impact of Bradyrhizobium LPS and
Lipid A on CD14+ Derived Monocytes Derived From
PBMCs

The low immunological impact of Bradyrhizobium LPS and lipid
A was also confirmed in human CDI14+ derived monocytes
derived from PBMCs, which express all TLRs. Cells were exposed
to Bradyrhizobium LPS and lipid A at the concentration of 0.05,
0.5, 1, and 10 ng/mL for 12 h. E. coli LPS was tested in parallel
at same concentrations. The release of the pro-inflammatory
cytokines TNF and interleukin-6 (IL-6) was assessed as readout.
The results are shown in Figures 2C,D. In agreement to what
observed in the HEK293 hTLR4 cell model, with Bradyrhizobium
lipid A the release of these cytokines was poorly detectable at any
concentration tested while 10 ng/mL Bradyrhizobium LPS clearly
induced TNF and IL-6, albeit both were significantly lower than
those elicited by E. coli LPS at the same concentration (for TNF,
Bradyrhizobium LPS at 1 and 10 ng/mL vs. E. coli at same LPS
concentration p < 0.001; for IL-6, all Bradyrhizobium LPS con-
centrations vs. E. coli all concentrations p < 0.001).

Immunological Impact of Bradyrhizobium LPS and
Lipid A on BMDMs From C57BL/6 Cells
To strengthen the results obtained in the HEK293 cell models
and PBMCs, we also used BMDMs from C57BL/6 wild-type
mice or from C57BL/6 knockout mice for Tlr2 (Tlr2—/-) or Tlr4
(Tlr4—/-) (Figures S1C,D in Supplementary Material). Murine
macrophages were exposed to Bradyrhizobium LPS and lipid A
at 1, 10, and 100 ng/mL. Pam3 (1 pg/mL) and E. coli LPS at the
same concentrations as above, were the positive controls for TLR2
and TLR4, respectively. After 6 h stimulation, TNF production
was quantified. In wild-type macrophages, stimulation with
either Bradyrhizobium LPS or lipid A induced significantly less
TNF compared to stimulation with Pam3 (all Bradyrhizobium
LPS concentrations vs. E. coli all concentrations p < 0.001) as
shown in Figure 2E. As observed in PBMCs, Bradyrhizobium
LPS and lipid A induced a scantly amount of this cytokine (all
Bradyrhizobium LPS and lipid A concentrations vs. E. coli all
concentrations p < 0.001).

When the same experimental set-up was applied to murine
macrophages of tlr2—/— or tlr4—/— mice, we found that the
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FIGURE 2 | Analysis of immunopotential of Bradyrhizobium LPS/lipid A in HEK293 hTLR4 cell line, monocytes, and BMDMs. Activation of nuclear factor kappa B
(A) and CXCL-8 production (B) in HEK 293 hTLR4/MD2-CD14 stimulated with Bradyrhizobium LPS/lipid A at the concentration of 1, 10, and 100 mg/mL for 6 h.
Commercial hexa-acylated Escherichia coli LPS or synthetic lipid IVa were used at the same concentrations as positive and negative control, respectively. tumor
necrosis factor TNF (C) and IL-6 (D) release in cell-free supernatants of monocytes stimulated with Bradyrhizobium LPS/lipid A at the concentration of 0.05, 0.5, 1,
and 10 mg/mL for 12 h. Commercial hexa-acylated E. coli LPS was used at the same concentrations as control. TNF (E) production in BMDMs stimulated with
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absence of tlr2 prevents the production of TNF upon Pam3CSK
stimulation but not following LPSs and lipid A stimulation, as
expected. On the contrary, in tIr4—/— mice TNF production
was null and high following LPSs/lipid A and Pam3 stimulation,
respectively (Figures SIC,D in Supplementary Material). These
results confirm those achieved in the HEK293 cell models: i.e.,

the reduced immunostimulatory of Bradyrhizobium LPS and
lipid A is strictly dependent on TLR4 and not on TLR2.
Downstream TLR4-mediated LPS signaling two pathways
could be activated. The adaptor protein MyD88 engages a path-
way leading to the production of pro-inflammatory cytokines,
such as TNF and CXCL-1. The other pathway involves the
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proteins Mal (also called TIRAP), TRIF, and TRAM, allowing the
expression of genes encoding type 1 interferon and interferon-
associated genes (40, 41). Therefore, we faced the question of
whether Bradyrhizobium LPS and/or lipid A could activate the
Trif pathway. With this aim, BMDMs were stimulated as above
with 1, 10, or 100 ng/mL of Bradyrhizobium lipid A or LPS.
E. coli LPS and lipid IV, were used at same concentrations as a
control. Polyinosinic-polycytidylic acid, Poly (I:C)—a synthetic
analog of double stranded RNA—which acts as TLR3 agonist was
used at the concentration of 5 pg/mL to elicit the Trif pathway.
After 6 h of stimulation, we measured the release of the cytokine
interferon inducible protein 10 (IP-10), which is induced by the
axis LPS-TRIF-IRF3-IFN (42) and the chemokine RANTES
(CCL-5,) which is expressed through the involvement of IRF3
(43, 44). Bradyrhizobium lipid A and lipid IV, did not elicit any
IP-10 release while Bradyrhizobium LPS at the concentration of
100 ng/mL could induce a low production of IP-10, which was
significantly lower than those observed with E. coli LPS at the
concentrations of 10 and 100 ng/mL and Poly (I:C) (for both
p <0.001), as shown in Figure 3A. The same trend was observed
for CCL-5 (Figure 3B). As IFN-P release can be undetect-
able upon BMDM stimulation with the fully immunocompetent

hexa-acylated E. coli LPS (30) we directly proceeded to analyze
the mRNA levels for this cytokine. BMDM:s were stimulated with
1, 10, or 100 ng/mL of Bradyrhizobium LPS or lipid A or with E.
coli or with lipid IV, at the same concentrations. Poly (I:C) was
used as above. After 3 h of stimulations BMDMs were processed
to measure the levels of ifn-p RNA through gPCR. In accordance
with results of IP-10 and CCL-5 release, ifn-p RNA was undetect-
able with Bradyrhizobium lipid A while Bradyrhizobium LPS at
the concentration of 100 ng/mL could trigger a low expression of
ifn-p (Figure 3C). As expected, E. coli LPS and Poly (I:C) deter-
mined high levels of ifn-p RNA. Definitely, these data suggest that
Bradyrhizobium LPS is a poor elicitor of the Trif pathway.

Competition Tests of Bradyrhizobium LPS and Lipid
A on HEK293 hTLR4 and on C57BL/6 BMDMs Cell
Lines

Finally, as some under-acylated lipid A (45) and, more recently,
unusual LPS-containing long FA chains (46), have been reported
to show an inhibitory activity against endotoxically active LPS
(47), we assessed the ability of Bradyrhizobium LPS to affect
the TLR4-mediated signaling triggered by the hexa-acylated,
fully immunocompetent E. coli LPS. With this aim, HEK 293
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hTLR4 cells were pre-incubated for 1 h with Bradyrhizobium
LPS and stimulated with 10 and 100 ng/mL of E. coli LPS for
4 h (Figures 4A-D). NF-kB activation and CXCL-8 production
were quantified after this time. The synthetic tetra-acylated

lipid IV, was used in parallel under the same conditions as
for Bradyrhizobium LPS as a control of the inhibitory effect. A
hexa-acylated LPS of Shigella flexneri (30) was used in parallel.
Untreated cells and cells stimulated with the E. coli LPS at 10 and
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100 ng/mL for 4 h were the control in this experiment. Under
these experimental conditions, Bradyrhizobium LPS showed an
inhibitory activity on E. coli LPS at all the concentrations tested
(NF-xB values of Bradyrhizobium LPS + E. coli LPS vs. E. coli
LPS alone, for NF-kB; Bradyrhizobium LPS at 1 and 10 ng/mL
p < 0.001; Bradyrhizobium LPS at of 100 ng/mL p < 0.01).

Finally, we evaluated whether Bradyrhizobium LPS could also
interfere with TLR4 signaling in murine cells which have been
reported to be less sensitive to the degree of lipid A acylation
(48, 49). Therefore, BMDM:s were stimulated with 10 and 100 ng/
mL of Bradyrhizobium LPS for 1 h and then exposed to 10 ng/
mL of E. coli LPS for 4 h (Figures 4E,F). Unstimulated cells and
BMDMs stimulated with 10 ng/mL E. coli LPS for 5 h were the
controls. The production of TNF and CXCL-1 was measured.
As shown in Figures 4E,F under these conditions only the
concentration of 10 ng/mL exerted an inhibitory effect on the E.
coli LPS (p < 0.01).

Molecular Modeling of Bradyrhizobium
Lipid A Binding to MD-2/TLR4

We performed computational studies to identify the pos-
sible binding modes and understand the dynamic behavior
of Bradyrhizobium lipid A (Figure 1) in complex with human
MD-2/TLR4. Since the experimental samples contain different
derivatives, we studied both hopanoid-containing and hopanoid-
free Bradyrhizobium lipid A (HOLA and HEF-LA respectively,
Figure 1). Docking results were evaluated based on the predicted
binding score and on the apparent degree of similarity with E.
coli LPS and lipid IVa as known from their X-ray crystallographic
structures accessible under the PDB accession codes 3FXI and
2E59, respectively. We considered both the insertion of the FA
chains into the MD-2 pocket and the positioning of the disac-
charide backbone. In addition, we systematically discarded the
poses in which at least one of the saccharide-bearing acyl chains
was rotated such as that the amide groups connecting the saccha-
ride to the lipid chains were facing the opposite direction of the
binding pocket. This orientation causes a large portion of the lipid
chains to be exposed to the solvent, which we consider unlikely.

Docking Calculations of HF-LA and HOLA in MD-2
We started by carrying out docking calculations of HF-LA and
HOLA in MD-2. Plausible binding modes were obtained with
most of the FA chains inserted inside the MD-2 pocket, while the
sugar moieties interact at its rim. As for the interactions, in the
case of HF-LA, the two VLCFA are often fully accommodated
inside the MD-2 cavity where they are surrounded by hydropho-
bic residues, such as Val24, Ile32, 46, 63, 94, 117, 153, and Leu61,
78, leaving space for only two shorter lipid chains to enter the
pocket. One of the two remaining shorter chains is often directed
toward Phel26. The other one is placed in a small corridor point-
ing at Ser103 (Figure 5).

In the case of HOLA, the hopanoid moiety lies at the rim
of the MD-2 pocket close to the residues Asp101, Tyr102, and
Ser118 (Figure 5) or at a completely distinct location close to
residue Lys125 and Phe126. In many docked poses, the hopanoid
moiety remains on a surface outside or at the rim of the MD-2
pocket. Some low-score docking poses feature the hopanoid
moiety in the hydrophobic pocket, proving that it could steri-
cally be accommodated inside MD-2. However, in these poses,
the pentasaccharide backbone is accommodated further away
from the binding pocket, on a loop followed by a p-sheet formed
by residues 87-91 (Figure S2 in Supplementary Material). This
is likely due to the steric constraints inherent to the hopanoid
moiety being inserted in the pocket. In addition, it occupies a
consequent volume and seems to obstruct the passage for the
lipid chains, resulting in poses in which at least three acyl chains
are left outside the pocket. These results suggest that the hopanoid
moiety may not play a particularly important role in the effective
binding of HOLA to MD-2, and thus its presence might not be
necessary for Bradyrhizobium to exert its antagonist activity.

Docking Calculations and MD Simulation of
Bradyrhizobium Lipid A Into MD-2/TLR4 Model

In a second approach, docking calculations of HOLA were
performed into the MD-2/TLR4 model in the antagonist confor-
mation reported by us somewhere else (50). Interestingly, when
compared with the structure of the MD-2/TLR4 complex in the

FIGURE 5 | Best docked poses for HF-LA, represented in green sticks (on the left), and HOLA, in yellow sticks and the hopanoid residue in orange (on the right),
inside myeloid differentiation protein-2 (MD-2) structure. Lipid IV, added for comparison purposes, is depicted in pink CPK colored semi-transparent sticks. MD-2 is
in blue semi-transparent cartoon. Some residues mentioned in the text are in sticks with their corresponding individual labeling.
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FIGURE 6 | Representation of the steric clash observed over the superimposition of the myeloid differentiation protein-2 (MD-2)/HOLA complex (from docking
calculations) to the MD-2/toll-like receptor 4 (TLR4) structure (from PDB ID 3FXI). A general view of the MD-2/TLR4/HOPA complex (A) and two examples of steric
clashes are given (B,C). TLR4, MD-2, and HOPA are respectively represented in gray cartoon, blue cartoon, and yellow sticks. The TLR4 protruding loop mentioned
in the text is marked within the red circle, involving the hopanoid moiety (B) and one of the short acyl chains of HOPA (C).

agonist conformation (PDB ID 3FXI), among the non-bonded
interactions between the two proteins, aloop of TLR4, composed of
amino acids 263-266, protrudes into a MD-2 channel (Figure S2 in
Supplementary Material), located approximately between Asp161
and Tyr118. This protrusion is further amplified by the side chain
of Arg264 that goes as far as to hover over the MD-2 hydrophobic
pocket. This impingement of TLR4 over MD-2 diminishes the
space available for ligand interactions in the MD-2/TLR4 complex
compared with MD-2 alone. We superimposed TLR4, based on the
X-ray crystallographic structure (PDB ID 3FXI), to the docking
results from the MD-2-only study and noted a steric incompat-
ibility between the TLR4 protruding loop, and either a lipid chain
or the hopanoid moiety from the docked ligand (Figure 6). This
observation could point to the fact that HOLA and HF-LA carry
on their antagonist activity by preventing or impairing the forma-
tion of a proper MD-2/TLR4 dimer essential for TLR4 activation.

The hydrophobic interactions taking place inside the hydro-
phobic pocket were essentially the same as the ones described in
the case of MD-2 alone. However, the presence of TLR4, reducing
the space available for ligand binding, resulted in very few poses
respecting the sugar orientation criterion mentioned above. Two
poses of HOLA, in good agreement with lipid IV, were selected
for MD simulations to further investigate interactions with the
receptor and the overall stability of the MD-2/TLR4/ligand com-
plex (Figure 7). These two poses are rotated 180° one to the other:
in the first one, the HOLA lipid A is oriented as lipid IVx (PDB ID

2E59) and, in the second one, it is oriented as E. coli LPS (PDB ID
3FXI, Figure S2 in Supplementary Material). Along the simulation
time, the TLR4 presents important deviation compared to the
crystal structure in relation with MD-2, as shown in the RMSD
plot (Figure S4 in Supplementary Material). TLR4 displays a
tendency to break apart from MD-2 indicating that the presence
of the ligand destabilizes the TLR4/MD-2 complex (Figure 8).

This observation backs-up the hypothesis that Bradyrhizobium
lipid A act as antagonists by either preventing complex formation
(cf. protruding loop mentioned in the docking study above) or
by disturbing the complex stability. In addition, Phel26 remains
in its open conformation all along the simulation (Figure $4 in
Supplementary Material), this stability was previously associated
with antagonist ligands (51).

DISCUSSION

LPS is among the most potent pro-inflammatory compounds
known, with its lipid A moiety eliciting the production of host-
derived inflammatory mediators. Pyrogenicity and lethality of
lipid A strictly relies on a set of structural features which includes
the number and distribution of appropriately long acyl chains
with respect to the glucosamine disaccharide backbone as well
as the occurrence of phosphate units decorating the sugar back-
bone (52, 53). The possibility to prevent the detrimental effects
of toxic LPS by competing lipid A derivatives with a weak or no

Frontiers in Immunology | www.frontiersin.org

42

August 2018 | Volume 9 | Article 1888


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Lembo-Fazio et al.

Bradyrhizobium Lipid A Inhibitory Activity

A-like (on the left) and lipid IVa-like (on the right), selected for MD simulations.

FIGURE 7 | Representation of the two poses of HOPA (yellow) docked into myeloid differentiation protein-2/toll-like receptor 4 (blue/violet), Escherichia coli lipid

the docking calculation. On the right: system at t = 100 ns of MD simulation.

FIGURE 8 | Evolution of the myeloid differentiation protein-2 (MD-2)/toll-like receptor 4 (TLR4)/HOPA complex (blue/violet/yellow) over the MD simulation. MD-2/
TLR4 structure from PDB ID 3FXI, represented in semi-transparent cartoon (gray), was superimposed for comparison purposes. On the left: system at t = 0 ns, from

immunostimulant power is a hot topic with an increasing appeal
in several research fields (54, 55). In this context, one of the most
studied is the set of synthetic analogs of lipid A of Rhodobacter
capsulatus or Rhodobacter sphaeroides which are known to act as
antagonists toward toxic effects of enterobacterial LPS on human
cells (56-58).

Within this frame, we have recently shown that Bradyrhizobium
lipid A present peculiar structural features comprising a penta-
saccharide backbone formed by a skeleton of p-(1—6) linked
2,3-diamino-2,3-dideoxy-glucose (DAG) substituted by an
a-GalA on the vicinal DAG and by an a-mannose disaccharide
linked to the distal B-DAG unit (21-25); the LPS exhibits a hetero-
geneous blend of lipid A species, in terms of number and nature
of acyl chains asymmetrically distributed on the sugar skeleton
and contains VLCFA. Furthermore, as a unique peculiarity,
Bradyrhizobium strains lipid A displays the covalent attachment
of a hopanoid molecule to a VLCFA (21).

Given the not human pathogen/human associated nature of
Bradyrhizobium strains, the unusual structural features of its lipid
A, in addition to the still unresolved mechanisms at the basis of
rhizobial LPS immunoactivity, prompted the investigation of
the immunological properties of such a complex and novel mol-
ecule which turned out to act as a very weak agonist of murine
and human immune cells. More importantly, we proved that

Bradyrhizobium LPS is able to potently inhibit the toxic effects
of E. coli LPS on both murine and human immune systems as
a significant decrease in the cytokine release and NF-kB activa-
tion were clearly observed when cells were stimulated with both
Bradyrhizobium LPS and lipid A and then re-stimulated with the
toxic E. coli or S. flexneri LPS. We found that the inhibitory effect
is especially evident at low Bradyrhizobium LPS concentrations.
This is not surprising since this LPS is constituted by several lipid
A species as mentioned above. We can hypothesize that this blend
could contain one/some species provided of an inhibitory activ-
ity and others deprived of this property. By increasing the LPS
concentration, the effect of these latter species prevails on that of
the antagonistic species thus lowering the inhibitory capacity of
this LPS. We observed the same effect with other LPS blends such
as that of the intracellular S. flexneri (30) on E. coli LPS. Lipid A
structures such as those of Pseudomonas aeruginosa, Bordetella
pertussis, Leptospira interrogans, and Neisseria meningiditis are
differently recognized by mouse and human TLR4 (48, 49). The
acylation degree, the phosphate presence/absence or substitution
and other still unknown molecular features of lipid A underline
the differential recognition by the human and murine TLR4
complex. In line with this issue, here the inhibitory activity of
Bradyrhizobium LPS seems to be more evident when tested on
human TLR4 than on murine TLR4 (see Figures 2A,E) in this
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way stressing this difference. Furthermore, we also showed that
Bradyrhizobium lipid A acts exclusively through TLR4 and do
not activate TLR2 at all, in accordance with data from other lipid
A strains (59). These immunological properties, as stated above,
can be correlated to the peculiar structure of rhizobial LPS which
showed uncommon sugar backbone, lacking phosphate decora-
tion and presenting, among the others, VLCFA with a chain
length ranging from 26 to 32 carbon atoms. In support to the
hypothesis that VLCFA are involved in the potent TLR4 inhibi-
tory activity observed for some rhizobial LPSs, a recent study
showed that the human pathogen Bartonella quintana, expressing
a penta-acylated lipid A decorated by one VLCFA [namely 26:0
(25-OH)], was able to potently block TLR4 activation by rapidly
and protractedly binding the receptor complex (46). Interestingly,
other intracellular pathogens belonging to Brucella (60, 61) and
Legionella (62, 63) species and phylogenetically related opportun-
istic bacteria like Ochrobactrum contain VLCFA in their lipid A;
in all these species, the low immunopotential of their lipid A LPS
likely favors the escape from the innate immune system and the
intracellular entry, as already demonstrated for other intracellular
living bacteria as Shigella (30).

To shed light on this behavior, we investigated the molecular
basis of the Bradyrhizobium lipid A binding to the MD-2/TLR4
complex (64). Our computational data demonstrated that the
occurrence of VLCFA, likely fully accommodated inside the
MD-2 cavity, may be responsible for the antagonistic properties
of Bradyrhizobium lipid A by impairing the proper complexation
of the TLR4/MD-2 dimer or potentially by destabilizing the
complex itself, and, furthermore, do not point toward a primary
role of the hopanoid moiety in the biological activity regarding
TLR4 signaling. Our results suggest that the TLR4 signaling
modulation is likely to occur by direct interaction with the TLR4/
MD-2 complex, both in its hopanoid-containing and hopanoid-
free forms. We indeed derived plausible binding modes of both
HOLA and HF-LA to the MD-2/TLR4 system, demonstrating
that Bradyrhizobium lipid A can act as antagonist by either pre-
venting complex formation or by disturbing the complex stability,
this accounting for the potent activity antagonizing E. coli LPS
binding to the MD-2/TLR4 complex thus inhibiting its toxic
effects. A clear understanding, at atomic level, of the molecular
mechanisms leading to TLR4 activation/inhibition upon bind-
ing of Bradyrhizobium LPS can be of help in future prediction
of the immunomodulatory properties of LPSs, and consequently
of their potential use in biomedical applications, based on the
chemical features of the lipid domain.

In summary, our work certainly confirmed that the rhizobia
LPS world is a promising source of MD-2/TLR4 immunomodu-
lators, that can be instrumental for the rational development
of endotoxin-based therapeutics and/or vaccine adjuvants.
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Asthma is a common lung disease affecting 300 million people worldwide. Allergic
asthma is recognized as a prototypical Th2 disorder, orchestrated by an aberrant
adaptive CD4+ T helper (Th2/Th17) cell immune response against airborne allergens,
that leads to eosinophilic inflammation, reversible bronchoconstriction, and mucus
overproduction. Other forms of asthma are controlled by an eosinophil-rich innate
ILC2 response driven by epithelial damage, whereas in some patients with more
neutrophilia, the disease is driven by Th17 cells. Dendritic cells (DCs) and macrophages
are crucial regulators of type 2 immunity in asthma. Numerous lipid mediators including
the eicosanoids prostaglandins and leukotrienes influence key functions of these cells,
leading to either pro- or anti-inflammatory effects on disease outcome. In this review,
we will discuss how eicosanoids affect the functions of DCs and macrophages in the
asthmatic lung and how this leads to aberrant T cell differentiation that causes disease.

Keywords: eicosanoids, prostaglandins, leukotrienes, asthma, dendritic cells, macrophages

PRIMER ON EICOSANOIDS, PROSTAGLANDINS AND
LEUKOTRIENES

Eicosanoids are an important class of biologically active molecules, comprising prostanoids,
leukotrienes (LTs) and lipoxins that have important pro- and anti-inflammatory effects in
asthma. Under a variety of non-specific activation stimuli, such as pro-inflammatory mediators
and other stress, the precursor molecule arachidonic acid (AA) is released from membrane
phospholipids by cytosolic phospholipase A2. AA can be enzymatically converted either to
prostanoids [prostaglandin (PG) and thromboxane] by COX enzymes or to LT and lipoxins by
lipoxygenases (LOXs) (Figure 1).

Prostanoids The COX isozymes (constitutive COX-1 and inducible COX-2) catalyze the
formation of PGGg, which is then reduced to the intermediate PGH, through peroxidase activity.
Various cell-specific PG synthases convert PGH, to biologically active products, such as PGE,,
PGI,, PGD; and PGF,, and thromboxane (TXA;) (1). The differential expression and the
distribution of these enzymes within cells present at sites of inflammation will determine the
profile of prostanoid production. For instance, mast cells predominantly generate PGD; through
their expression of hematopoietic PGD synthase (hPGDS). Through microsomal PGE, synthase
(mPGES-1), PGE; is produced by virtually all lung cell types, but the most abundant sources
are epithelial cells, fibroblasts, and macrophages (1). Prostanoids act in both paracrine and
autocrine fashion through G protein-coupled receptors (GPCRs) on the surface of target cells.
Interestingly, the distribution of prostanoid receptors on immune cells differs from the distribution
of prostanoid-specific synthases. Prostanoid synthases are mainly expressed on innate immune
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cells, whereas prostanoid receptors are expressed on both
innate and adaptive immune system leukocytes (2). So, during
inflammation, activated innate immune cells will produce
prostanoids that act on lymphocytes in a paracrine manner and
also modulate their own function in an autocrine way (3).

Leukotrienes are generated by LOX enzymes. The different
LOX enzymes are named based on their positional specificity
of AA oxygenation. For instance, 12-LOX oxygenates AA at
carbon 12, resulting in 12-hydro(peroxy)eicosatetraenoic acid
[12-H(P)ETE] (4). Since the human leukocyte-type 12-LOX is
very similar to reticulocyte-type 15-LOX, these enzymes are often
referred to in the literature as 12/15-LOXs (5). Furthermore,
mice do not express 15-LOX and only express the leukocyte-
derived 12-LOX. Because murine 12-LOX is also able to generate
15-H(P)ETE, the enzyme is often designated as 12/15 LOX as
well (6).

5-lipoxygenase (5-LOX) generates the leukotriene LTAy4, an
unstable intermediate, which is converted to the chemoattractant
LTB4 or to nonchemotactic LTCy by the cytosolic LTA4 hydrolase
enzyme or leukotriene C4 synthase (LTC4S) respectively. LTCy
is exported to the extracellular space and is further converted to
the unstable LTDy4 and subsequently to the stable end-metabolite
LTE4 (7). LTCy, LTD4 and LTE,4 belong to the so-called cysteinyl
leukotrienes, due to the presence of the amino acid cysteine
in their structure. There are at least three different cysteinyl
leukotriene receptors (CysLTR1, CysLTR2, and CysLTR3). LTE,4
preferably binds CysLTR3 (8), whereas LTC, binds CysLTR2 and
LTD4 binds both CysLTR1 and CysLTR2 (9, 10).

Leukotrienes are predominantly produced by leukocytes,
hence their name. However, the specific profile of LTs produced
depends on the cell type. Neutrophils produce exclusively
LTB4, whereas mast cells, basophils and eosinophils mainly
produce cysLTs. Macrophages and DCs synthesize both LTB,4 and
cysLTs (11).

Lipoxins (LXA4 and LXBy) are short-lived eicosanoids that
are derived from arachidonic acid through sequential activity
of 5-LOX and 12/15-LOX. 15-LOX is a key enzyme for lipoxin
generation in the human lung and is expressed by many cells
during inflammation, including macrophages, eosinophils and
bronchial epithelial cells (12-14).

EICOSANOIDS HAVE MULTIPLE EFFECTS
IN ALLERGIC ASTHMA

Asthma is a chronic inflammatory disease of the airways,
characterized by reversible bronchoconstriction, airway
remodeling and mucus production. Most childhood-onset
asthma and half of the adult-onset asthma cases are allergic,
identified by a positive skin prick test or the detection of
serum IgE antibodies against common antigens, such as plant
and tree pollen, animal dander, house dust mites (HDM)
and fungal spores. Virtually all cell types relevant to Th2
pathology such as Th2 cells, ILC2s, mast cells, basophils,
epithelial cells, smooth muscle cells and fibroblasts generate
LT and/or PG mediators, and/or express receptors for those
eicosanoids (Figure 2). Among prostanoids, PGD; released from

mast cells, has long been implicated in allergic diseases (15).
PGD; is known to have chemotactic effects on eosinophils,
basophils, Th2 lymphocytes and ILC2s acting via the
DP2/CRTh2 receptor (16, 17) and in this way contributes
to airway hyperresponsiveness, IgE and cytokine secretion
(18-20). PGD; levels and the number of CRTH2+ cells
are increased in bronchoalveolar lavage (BAL) fluids from
severe asthmatics compared to those with milder disease (21).
Several CRTH2 antagonists have shown encouraging results
in clinical trials for asthma, further supporting for the role
of PGD; in allergic diseases and its potential as a therapeutic
target (22).

Although cyclooxygenase and its products, PGs, have been
traditionally linked to all four cardinal signs of inflammation
(redness, swelling, heat, pain), prostanoids may also have an
inhibitory role on inflammatory cells. This discrepancy can
be explained by the fact that typical inflammation hallmarks
are the result of actions on microvasculature, hypothalamus
and nerves, rather than on immune cells. In mouse models
of asthma, PGs have pleiotropic effects. PGI, can abolish
asthma development by inhibition of DC activation and Th2
cell migration (23-25), whereas PGE; can reduce mast cell
secretory responses (26-29) and chemotaxis of eosinophils (30).
Furthermore, both PGI, and PGE, can inhibit cytokine release
of both Thl and Th2 CD4T cells and macrophages (31, 32).
Treg differentiation and function is also promoted by PGE,
(33, 34).

Prostanoids are also able to inhibit airway remodeling and
mucus secretion in asthma models in vivo (35-37). It has been
shown that PGE, induces fibroblast apoptosis (38), abolishes
myofibroblast differentiation (39) and inhibits proliferation of
airway smooth muscle cells (40).

In asthma patients, inhalation of exogenous PGE, or its
analogs results in bronchodilatation and protection against
early- and late-phase bronchoconstriction induced by various
asthma triggers (41-43). Despite the benefits of inhaled
PGE,, it has also been reported that prostanoids can induce
irritancy of the upper airway resulting in a reflex cough.
However, this can be overcome by treatment with a receptor-
selective agonist, as cough is exclusively mediated via the EP3
receptor (44).

In contrary to the bronchodilatory properties of the
prostaglandin PGE,, CysLTs are an important cause of allergen-
induced bronchoconstriction (45). Indeed, treatment with
Cysteinyl LT receptor 1 antagonists (LTRAs) attenuates allergen-
induced increases in airway hyperresponsiveness (46, 47).
Furthermore LTRAs partially attenuate allergen-induced airway
eosinophilia (47, 48), demonstrating a more extensive role for
LTs in asthma. Indeed, CysLTs that are also released from
mast cells, particularly LTE,, can cause eosinophil chemotaxis
in allergic asthmatics (49). Interestingly, CysLT levels are
also increased in BAL fluid (50) and in urine after allergen
challenge (51). Currently, LTRAs (such as montelukast) are
clinically available. Although these drugs are superior to
placebo at decreasing asthmatic symptoms and exacerbations,
LTRAs are not recommended as first line therapy for asthma.
The reason for this is that they are generally inferior to
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FIGURE 1 | Schematic overview of eicosanoid biosynthesis. Arachidonic acid that is released from membrane phospholipids by cytosolic phospholipase A2 (PLA),
can be enzymatically converted either to prostaglandins (PG) and thromboxane (TXAo) by COX enzymes or to LT and lipoxins (LXA4) by lipoxygenases (LOXs).

PGIp PGD2

inhaled corticosteroids in anti-inflammatory and clinical effects'.
Furthermore, about one third of the asthma patients does not
respond to LTRAs (52).

Another type of leukotriene, LTBy, through its actions on
the BLT1 receptor, is an activator and chemoattractant for
different cell types such as T cells (53, 54) and DCs (55).
OVA-induced allergic inflammation was completely abolished
in BLT1 deficient mice, demonstrating the importance of BLT1
and its ligand LTB4 in the development of allergic airway
inflammation (56).

Lipoxins have a pro-resolution role in allergic airway
inflammation. In severe asthmatics, blood LXA4 levels
and leukocyte LXA4 generation are reduced compared
to those with milder disease (57-59). In a mouse model
of asthma, administration of a stable analog of LXA4
resulted in a diminished airway hyperresponsiveness and
pulmonary inflammation (60, 61). Similar results were obtained
with resolvins and protectins. Those mediators are also

!National Institutes of Health; National Heart, Lung, and Blood. National Asthma
Education and Prevention Program Institute, Expert panel report 3: guidelines for
the diagnosis and management of asthma. No. 07-4051 Available from: http://
www.nhlbi.nih.gov/guidelines/asthma/asthgdln.htm 2007.

generated by LOX enzymes, but are derived from omega-3
polyunsaturated fatty acids instead of the substrate arachidonic
acid (62-64).

Finally, absence of all eicosanoids impairs the induction of
a Th2 response and reduces airway inflammation. This has
been shown with mice lacking group V secretory phospholipase
A2 (sPLA2), which is the enzyme that releases AA from
membrane lipids and catalyzes the first step of eicosanoid
generation. Deletion of sPLA2 attenuates cell migration and
airway hyperresponsiveness, whereas sPLA2 overexpression is
associated with severe asthma (65-68). An impaired antigen
capture activity and maturation of DCs is responsible for the
inhibition of asthma development in sPLA2~/~ mice (69).

CURRENT INSIGHTS IN ALLERGIC
ASTHMA PATHOGENESIS: A CENTRAL
ROLE FOR DENDRITIC CELLS

In allergic asthma, airway DCs take up allergens across the
epithelial barrier and subsequently activate Th2 immunity in
the draining lymph nodes, leading to IgE responses and to
Th2 effector cells that control eosinophilic airway inflammation,
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FIGURE 2 | Eicosanoids have multiple effects in allergic asthma. In response to allergens and/or instructive cytokines by epithelial cells and innate immune cells,
dendritic cells activate Th2 immunity in the draining lymph nodes, leading to IgE responses and to Th2 effector cells that control eosinophilic airway inflammation,
goblet cell metaplasia and bronchial hyperreactivity upon return to the lung. Virtually all cell types relevant to Th2 pathology such as Th2 cells, ILC2s, mast cells,
basophils and epithelial cells, generate leukotriene/prostaglandin mediators, and/or express receptors for those eicosanoids. The figure represents a schematic
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goblet cell metaplasia and bronchial hyperreactivity upon return
to the lung (70, 71). The central role for DCs in the development
of allergic asthma has been demonstrated in numerous studies.
Adoptive transfer of GM-CSF-cultured bone marrow-derived
DCs (BMDCs) or splenic DCs that were pulsed with ovalbumin
(OVA) antigen in vitro can sensitize mice, leading to a Th2
response and eosinophilic inflammation upon challenges with
OVA aerosol (72, 73). Likewise, DCs originating from the lungs
of allergen-exposed mice are also able to induce sensitization
when transferred to naive recipients (74, 75). This holds also
true for chronic asthma models as repeated DC injection into
the lung induces irreversible airway remodeling, characterized
by subepithelial collagen deposition and increased peribronchial
airway smooth muscle volume (76).

In addition to these studies demonstrating that DCs are
sufficient for induction of Th2 immunity in the lung, DCs are
also required for inducing a Th2 response to allergens, even
in very young mice before weaning (77). Depletion of lung
DCs in CD11c-DTR transgenic mice during the first exposure
to the inhaled HDM allergen impeded the development of
lung eosinophilia and Th2 cytokine production (74). Likewise,
DCs are also required for optimal Th2 immunity against other
allergens, such as papain and helminths (78, 79).

Beside the crucial role of DCs in inducing Th2 immunity
in naive animals, DCs have also a non-redundant role during
the secondary immune response (76, 80). During the challenge
phase, DCs are closely located to antigen-specific T cells around

the airways and large blood vessels (81). Here, they might secrete
chemokines to attract effector T cells or they might restimulate
resident memory T cells by providing costimulatory molecules
(75, 82).

Murine lungs in steady state contain three major subsets
of DCs with specific phenotype and functions; pDCs, IRF8-
dependent XCRI1+4 CD103+ cDCls and IRF4-dependent
CDI11b+ SIRPa+ c¢DC2s. However, during inflammation
monocyte-derived DCs (MCs) emerge, coming from monocytes
that migrate to the local tissue and upregulate the expression of
CDl11c and MHC-II (75, 83). They can be distinguished from
CD11b+ cDCs by the expression of the Fc receptors CD64
and MARI1 (75). Various studies have shown that CD11b+
cDC2s are the responsible DC subtype for Th2/17 induction
upon allergen challenge (75, 84-86). MCs rather play a role
during the effector of the immune response, by interacting
with effector Th2 cells that migrate back to the lung or with
resident-memory T cells (87). In contrast to CD11b+ cDC2s,
CD103+4 cDCls play a redundant role in the HDM-driven
asthma model (75). There is even literature suggesting that
c¢DCls induce a tolerogenic response to inhaled allergens
(88-90). An immunoregulatory role has also been described
for pDCs. Indeed, it has been shown that pDCs in the lung are
essential to induce inhalation tolerance to harmless antigens
like OVA (91, 92). Furthermore, depletion of pDCs during
sensitization or challenge to OVA or HDM allergen might
exacerbate inflammation, as immunoregulatory regulatory
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T cells fail to function properly in the absence of pDCs
(91, 93, 94).

Although DCs express PRRs and can sense the environment
directly, the epithelium has been shown to be equally important
in activating DCs in response to allergens (95). As this is beyond
the scope of this review, we refer to Hammad and Lambrecht
for a recent review describing the role of epithelial cytokines in
the activation of DCs during allergic inflammation (96). In brief,
DCs get activated by epithelial cytokines like IL-33, GM-CSE, IL-
la, IL-25, and thymic stromal lymphopoietin (TSLP). The same
cytokines also activate ILC2s, basophils and Th2 effector cells to
become cytokine producing cells and contribute to the initiation
of a Th2 response (70, 71, 97). The release of epithelial cytokines
is elicited by environmental stimuli of asthma, such as HDM,
viruses, diesel particles and cigarette smoke. On the other hand,
protective environments, such as farm dust or lipopolysaccharide
exposure, have the potential to suppress this cytokine release and
DC activation (98).

EICOSANOIDS AFFECT THE MIGRATION
OF DENDRITIC CELLS

The control of DC migration is pivotal for the initiation of
cellular immune responses. Upon activation by inflammatory
stimuli, DCs upregulate the chemokine receptor CCR7 and
home to lymphoid organs, where the CCR7 ligands CCL19 and
CCL21 are expressed. This migratory capacity of DCs requires
environmental instruction by PGE;. PGE; has no effect on
the expression of CCR7 on DCs, but couples CCR7 expression
to signal transduction pathways such as activation of cAMP-
dependent protein kinase A (PKA) and Rho Kinase (99). These
signals allow the DCs to start migration, among other by
inducing a rapid disassembly of podosomes (100). Surprisingly,
PGE, was only required at early time points of maturation to
enable DC chemotaxis, whereas PGE, addition has no effect
during terminal maturation. Mouse DCs exclusively rely on EP4
receptor triggering for migration, whereas human MCs require
a signal mediated by EP2 or EP4 either alone or in combination
(101, 102).

In contrary to PGE,, PGD;, and PGI, inhibit the maturation
and migration of DCs. In the skin, Angeli and colleagues
showed that parasite-derived PGD; inhibits the migration of
epidermal Langerhans cells to the skin draining lymph nodes and
affects the subsequent cutaneous inflammatory reaction (103).
Similarly, intratracheal instillation of FITC-OVA together with
PGD; inhibits the migration of FITC+ lung DC to draining
LNs. Activation of the DP1 receptor was responsible for this
inhibition (104). DP1 activation also lowers the expression of
costimulatory molecules on DCs and enhances the induction of
Foxp3+ Treg cells, resulting in an abolished asthma phenotype
(34). Inhalation of iloprost, a stable PGI, analog, also suppressed
the cardinal features of asthma by interfering with the function of
lung myeloid DC. Furthermore, iloprost-treated DCs no longer
induced Th2 differentiation from naive T cells or boosted effector
cytokine production in primed Th2 cells, showing that the effect
of iloprost was DC intrinsic (23).

CysLT enhance the migration of DCs. Indeed, DCs lacking
the LTC4 transporter multidrug resistance-associated protein 1
(MRP1) failed to migrate to the lymph nodes, whereas exogenous
LTC4 or LTD4 could restore this migration. However, these
CysLTs only promoted optimal chemotaxis to the chemokine
CCLI19, but not to other related chemokines (105). On the other
hand, lipoxins were able to inhibit DC migration (106).

EICOSANOID SIGNALING IN DCS
MODULATES INSTRUCTION OF T CELL
DIFFERENTIATION

Upon DC-T cell encounter, DCs produce cytokines that drive
Th differentiation. The secretion pattern of these cytokines, and
thus the Th1/Th2 balance can be modulated by a variety of
biologically active mediators synthesized by innate and adaptive
immune cells. Eicosanoids such as PGE; exert a great impact on
this regulation. For instance, the ratio of PGE; and IL-12, both
produced by APCs, may control the balance between Thl and
Th2 immunity (107). Basically, it has been shown that PGE; is a
potent inhibitor of IL-12 production (108) and in this way favors
a Th2 response (109-112). PGE, also inhibits the secretion of
TNF-a from murine DCs (113, 114). The inhibitory role of PGE,
on DC cytokine secretion can also be indirect by inducing IL-10
secretion (108, 113, 115). Due to its inhibitory effect on IL-12,
PGE; also indirectly inhibits IFN-y secretion by T cells and NK
cells (110, 116).

Beside the Th2 inducing role for PGE,, it has also been
reported that PGE,-treated DCs can induce Thl and Thl7
responses. Adding PGE, together with TNF-a to human
BMDCs stimulates IL-12 production by DCs, favoring
a Thl response (117-121). PGE, also stimulates IL-23
production by cultured BMDCs and promotes in this way
Th17 differentiation (122, 123).

Prostanoids can also directly modify production of Th
cytokines from polarized T cells. PGE; can favor Th2 immunity
by inhibiting IL-2 and IFN-y production by Thl cells, but not
the production of IL-4 by Th2 cells (124, 125). However, in a
mouse model of asthma, PGE, has also been shown to inhibit
Th2 responses via direct effects on the EP2 receptor on T cells
(126). Furthermore, PGE; regulates Th17 cell differentiation and
cytokine secretion directly through EP2/EP4 receptor signaling
on T cells (127). Via DP1, PGD, can block the expression of
the Th1 cytokine IFN-y. Furthermore, Th2 cytokine secretion is
increased through CRTH2 signaling (128). On the other hand,
PGI, can directly inhibit production of Th2 cytokines from
Th2 polarized mouse splenic CD4+ cells (32, 129), thus directly
exhibiting lower levels of Th2 response.

Less is known about the role of leukotrienes on T cell
polarization. Machida et al. reported that in vitro treatment with
LTRAs modifies the cytokine profile of DCs (130). By in vivo
administration of LTRAs, Okunishi and colleagues showed that
LTs promote DC antigen presentation and both Thl and Th2
polarizing cytokine secretion (131).

Furthermore, using LTCZ/ " and CysLTR1™/~ mice, it has
been demonstrated that leukotrienes are crucial for the initiation
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of a Th2 response upon HDM-dependent Dectin-2 activation on
DCs (132). Through CysLTR1, LTDy can induce IL-4 secretion by
ILC2s, contributing to Th2 polarization as well (133). CysLTR1
can also be up-regulated in activated CD4+ T cells themselves
and can mediate their chemotaxis to LTDy, but whether cysLTs
exert a direct effect on cytokine production by CD4+ T cells
remains unclear (134). This is different from the leukotriene
LTB4, which increases cytokine production by T cells (135), but
does not affect antigen presentation and cytokine production
by DCs (55). Strikingly, mice deficient in CysLTR2 or adoptive
transfer of DCs lacking CysLTR2 developed markedly enhanced
Th2 immunity to HDM. In fact, CysLTR2 negatively regulates cell
surface expression and receptor signaling of DCs (136). Thus, the
biologic activity of CysLTs can be tightly regulated by competition
between the different expressed CysLT receptors.

12/15-LOX enzymes, required for lipoxin synthesis, are also
involved in the modulation of Th2 cytokine secretion. In
response to IL-13, DCs secrete the lectin Ym1/2 that might
interact with 12/15-LOX in or at the surface of T cells. 12/15-
LOX generates 12-HETE that has been shown to reduce Th2
cytokine secretion both in vivo and in vitro. Furthermore,
12-HETE attenuated airway eosinophilia in an OVA-induced
allergic asthma model. However, DC-secreted Ym1/2 was able to
decrease the expression of 12-HETE, suggesting that the asthma-
promoting effects of Ym1/2 might be explained by inhibiting
12/15-LOX on T cells (137).

EICOSANOIDS ALSO AFFECT
ANTIGEN-PRESENTING B CELLS AND
ILC2S

The most described function of B cells is their production
of antigen-specific immunoglobulins. However, in addition to
antibody production, activated B cells also play a role as accessory
antigen-presenting cells. Although they are not as potent as
DCs in priming naive T cells, they are abundantly present
in T-cell inductive sites, express costimulatory molecules and
produce cytokines that activate DCs and naive T cells (138-141).
Their antigen-presenting and Th2-promoting effects have also
been demonstrated in murine asthma models, with a particular
role during secondary challenge and when the antigen dose is
limiting (142).

Numerous studies have shown that eicosanoids are required
for both the development and function of B lymphocytes (143-
147). PGE, is necessary for IgE production both in vitro
and in vivo, by affecting IgE class switching (145, 148-151).
Furthermore, PGE; has been demonstrated to regulate B cell
proliferation (152). Interestingly, PGE, is also able to lower
MHCII expression on B cells (148), but whether this affects
antigen presentation is still unclear. Leukotrienes, in particular
LTDy, can enhance immunoglobulin production as well (153).
In contrast, lipoxins have the opposite effect as 12/15-LOX
deficiency protects mice from allergic airway inflammation by
increasing secretory IgA levels (147).

Strikingly, ILC2s have also been shown to present antigen
(154, 155). In response to the parasitic worm Nippostrongylus

brasiliensis, MHC class II expression on ILC2s was required for
the induction of an efficient Th2 response. ILC2s express the
costimulatory receptors CD80 and CD86, acquire and process
antigen and interact with antigen-specific T cells. During this
interaction, T cell-derived IL-2 promotes ILC2 proliferation and
IL-13 production (155) and this can be affected by eicosanoids.
PGD; and CysLTs stimulate Th2 cytokine production from ILC2s
(133, 156, 157), whereas other lipid mediators have suppressive
roles on ILC2 function. The pro-resolving mediator LXA4 could
inhibit ILC2 activation (156) and both PGE, and PGI, were
able to attenuate ILC2 proliferation, Th2 cytokine generation and
resulting type 2 immune response (158, 159).

EICOSANOIDS MODULATE THE
TOLEROGENIC ROLE OF MACROPHAGES
IN THE ALLERGIC LUNG

Lung macrophages can be divided into alveolar macrophages
(AMs) and interstitial macrophages (IMs). AMs are most
abundantly present and are situated in the alveolar lumen,
while IMs are located inside the lung interstitium. During
inflammation, a third population emerges, as monocyte-
derived macrophages infiltrate the alveolar and interstitial areas.
Macrophages express different eicosanoid receptors, such as
the receptors for PGE; and PGD;. Furthermore, macrophages
produce both prostaglandins and leukotrienes themselves,
allowing autocrine regulation (160).

AMs are sessile, long-lived, and self-renewing cells that
derive from fetal monocytes under the influence of GM-
CSF (161-164). Several studies have clearly demonstrated that
resident AMs induce a tolerogenic response to inhaled antigens
(164-171). Use of liposomal clodronate to deplete resident
AMs in an OVA or HDM-induced asthma model, favored
a Th2 response and subsequently resulted in increased BAL
eosinophilia and inflammatory cytokine levels (167, 168). One
possible mechanism for this inhibitory role of macrophages is the
secretion of SOCS1 and SOCS3 in exosomes and microparticles.
The uptake of these particles by alveolar epithelial cells inhibits
their activation in a JAK/STAT-dependent way (169). PGE; is
a major epithelium-derived factor mediating SOCS secretion
(170) and in this way inhibiting the development of allergic
lung inflammation (171). Indeed, in a HDM-dependent asthma
model, adoptive transfer of PGE,-treated macrophages led to a
reduction in eosinophilia in the allergic lung (171).

Pulmonary inflammation was also reduced if macrophages
lacked group V sPLA2, which is the enzyme releasing AA from
membrane lipids and is required for both PG and LT synthesis
(172). Those macrophages generated less PGE,, resulting in a
diminished transglutaminase activity of M2 macrophages (173).
Furthermore, by activating the EP4 receptor on macrophages,
PGE; inhibits TNF-a and IL-12 cytokine secretion (31). The
ability of lung macrophages to prevent Th2 induction in response
to inhaled allergens has also been demonstrated in rats. The
replacement of AM of sensitized animals by AM from naive
animals completely abolished Th2 polarization by inhibition of
DC allergen capture and migration to the lymph nodes (174).
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Although PGE, suppresses type 2 inflammation in most
settings, a recent study demonstrated that PGE, also has pro-
inflammatory effects in murine macrophages. Mice lacking
microsomal PGE, synthase 1 (mPGE1l) had an attenuated
asthma phenotype compared to wild-type controls in response
to repetitive inhalation challenges with an extract from the
allergenic mold Alternaria alternata, which could be explained
by a diminished IL-33 production by murine macrophages (175).

The pro-inflammatory prostanoid PGD; binds both the
DP1 and DP2 receptor on lung macrophages. DP signaling
enhances migration and TNF-a secretion of both alveolar and
interstitial macrophages. Furthermore, PGD, also induces
KC secretion from macrophages, resulting in neutrophil
recruitment in the lung and this neutrophilia could be abolished
by macrophage depletion (176). Interestingly, PGD, synthesis
by macrophages is also involved in the enhancement of airway
inflammation by virus infections. Respiratory infections with
RNA viruses, such as rhinovirus or respiratory syncytial
virus (RSV), are associated with asthmatic exacerbations
(177). To study the mechanism behind this association,
Shiraishi and colleagues administered poly I:C, a synthetic
dsRNA, intratracheally in OVA-sensitized rats. Those rats
developed an exacerbated asthma phenotype and had elevated
PGD, synthesis in the lung, particularly in AMs. CRTH2-
deficient animals did not exhibit a dsRNA-induced increase
in eosinophil accumulation, demonstrating the necessary
role for PGD, in dsRNA-induced enhancement of airway
inflammation (178).

RSV infection of mice deficient in 5-LOX, an enzyme
required for lipoxin synthesis, resulted in stronger lung pathology
compared to wildtype mice, due to a lack of alternatively
activated macrophages (179, 180). Treatment with LXA4 partially
restored this, supporting a pro-resolution role for lipoxins in viral
respiratory tract infections (180).

Just as described for DCs, AMs produce leukotrienes
in response to HDM-driven Dectin-2 activation. Both an
inhibitor of LT production and Dectin-2 blockade could
prevent the development of bronchial hyperreactivity and airway
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Pollen Lipids Can Play a Role in
Allergic Airway Inflammation

Aslég Dahl*

Department of Biological and Environmental Sciences, University of Gothenburg, Gothenburg, Sweden

In seed plants, pollen grains carry the male gametes to female structures. They are
frequent in the ambient air, and cause airway inflammation in one out of four persons
in the population. This was traditionally attributed to soluble glycoproteins, leaking into
the nasal mucosa or the conjunctiva, and able to bind antibodies. It is now more and
more recognized that also other immunomodulating compounds are present. Lipids bind
to Toll-like and PPARY receptors belonging to antigen-presenting cells in the mammal
immune system, activate invariant Natural Killer T-cells, and are able to induce a Type
2 reaction in effector cells. They may also mimic lipid mediators from mammal mast
cells. Pollen grains have a rich lipodome of their own. Among the lipids that have
been associated with an atopic reaction are saturated and unsaturated fatty acids,
glycophospholipids, sphingolipids, sterols, and oxylipids, as well as lipopolysaccharides
from the microbiome on the pollen surface. Lipids can be ligands to allergenic proteins.

Keywords: pollen, allergy, immunomodulatory lipids, lipid-binding allergens, pollen-associated lipid mediators,
C1d receptros, iNKT-cells

About 20-25% of the population suffers from pollen allergy (1), with subsequent reduction of their
quality of life and with large societal costs. The risk for sensitization to pollen depends to the degree
of exposure. Thus, the main culprits are pollen borne in the air.

The traditional focus has been glycoproteins that are able to bind specific antibodies, quick
to be eluted in moisture, before the pollen is eliminated by tears, mucus, or a sneeze. They
have been localized to the cytoplasm and to the pollen wall. It is now recognized that also other
immunomodulatory compounds emanate from the pollen grains. Among these are lipids, also able
to interact with components of the innate immune system. The pollen grain has a lipidome of its
own. In this review the main pollen lipids, their location in the pollen grain, and their biological
functions are in focus, as well as observed effects on mammal immune reactions.

Lipids are non-polar molecules, which means their ends are not charged, and thus they will be
soluble in non-polar solvents rather than in water, which in contrast is polar (2).

WHAT IS A POLLEN GRAIN?

A pollen grain carries the male gametes to the female reproductive structures. Seed plants have an
internal fertilization that evolved in parallel to that found in animals during adaption to terrestrial
life. During sexual reproduction, an immotile sperm cell, or in a number of gymnosperms, a
spermatozoid, unites with an egg cell inside the tissues of a parental plant, independently of the
presence of free-standing water. For this to happen, the pollen grain produces a pollen tube, which
acts as a conduit for sperm cells to the egg cell. In seed plants, egg cells are contained within ovules.
In gymnosperms, the ovules are born solitary or on the surface of scales often positioned in cones.
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The pollen grain is delivered at the micropyle, a small opening in
the surface of an ovule, which then is penetrated by the pollen
tube. In angiosperms, ovules are enclosed in the ovary of the
pistil, and therefore, the distance the pollen tube must grow is
longer. The pollen grains are generally captured on the stigmatic
surface of the pistil, where pollen tubes penetrate into its style.

In contrast to the situation in mammals, the haploid daughter
cells from a meiotic division in plants are spores, which divide
mitotically as to produce a multicellular, haploid individual that
in due course will produce gametes, i.e., is a gametophyte. After
gametic fusion, the diploid state is restored. The resulting zygote
will divide mitotically and give rise to a multicellular plant,
the sporophyte, forming sporangia where the aforementioned
meiosis takes place. This alternation between a multicellular
diploid and a multicellular haploid phase is called an alternation
of generations. In seed plants, gametophytes are dependent
on the sporophyte, unisexual, and with few cells. Their entire
development takes place within the sporangium.

A pollen grain is a male gametophyte, with an outer wall
and coating formed by sporophytic cells. In gymnosperms,
microsporangia are usually situated in cone-like structures,
whereas in angiosperms, they are identical to the four pollen
sacs of the anther. The inside of the sporangium is lined with
cells, which provide the microspores with nutrients, and later
with wall and coat material. In angiosperms, the first mitosis
of the microspore results in a small generative cell, and a
much larger vegetative cell, which increases further in size
due to an enlargement of the cytoplasm. The generative cell
divides mitotically into two sperm cells with large nuclei and
comparatively little cytoplasm. This division takes place before
or after anther dehiscence and pollen germination, according
to species. In gymnosperms, the number of mitotic divisions
that produce the male gametophyte typically are two to five. In
Taxales pollen (e.g., Cupressus, Juniperus), there is no vegetative
cell. The generative cell in gymnosperms divides after pollen sac
dehiscence and generates two sperm cells or spermatozoids.

THE MATURE POLLEN GRAIN AND ITS
LIPIDOME

The Vegetative Cell of the Gametophyte

The vegetative cell of angiosperm pollen is the largest one, with
a distal plasmalemma, a large central nucleus and a cytoplasm
packed with mitochondria, plastids and storage organelles, and
surrounding the two sperm cells (Figure 1). The sperms cells
have plasmalemmae of their own, and are further enclosed in a
plasmalemma from the vegetative cell.

The endoplasmatic reticulum (ER) of the vegetative cell
is involved in the synthesis and transport of proteins and
lipids. It is extensive, and extends from the plasma membrane
surrounding the cell, through the cytoplasm, and forms a
continuous connection with the nuclear envelope. The basic units
of most of the complex structural lipids of the plasma membrane
and the typically large endoplasmatic reticulum are fatty acids,
synthesized de novo in the chloroplast stroma. In the mature
pollen grain, the dominating fatty acids of these structures

are octadecadienoic (linoleic; 18:2, cis-9,12) and hexadecanoic
(palmitic; 16:0) acids (3).

Of the complex structural lipids in membranes, the
glycerophospholipids are the most prominent. Their fatty
acids are commonly polyunsaturated of C16/C18 type.
Glycerophospholipids also usually have an additional group
esterified to the phosphate, constituting a polar head group on
the lipid molecule. Commonly found head groups in lipids of
the pollen membrane are choline, etanolamine, serine, glycerol,
and inositol. Because of their bipolarity, the phospholipids
in membranes typically form a structure with two layers;
hydrophilic heads outwards, hydrophobic fatty acid tails
inwards. But in pollen grains, a large portion (40%) of the
membrane lipids are non-bilayered, and occur in arrangements
appearing as protuberances on the membrane surface (4, 5).
Non-bilayer lipids support the dynamic organization of cellular
membrane systems and have also been suggested to have an
effect on membrane proteins (6, 7).

A stable and chemically resistant layer of sphingolipids
protects the outer surface of the bilayered plasma membrane.
Sphingolipids compose an estimated ~40% of the total lipids
in plasma membrane of plants and are also abundant lipid
components of other endomembranes (8). Their backbone is
an acylated amino alcohol (a LCB), with fatty acids, generally
composed of 14-26 carbon atoms, linked to the amino group.
This structure is called a ceramide. It can be modified through
changes in chain length, methylation, hydroxylation and/or
degree of desaturation of both the alcohol and the fatty acid (9).
With further addition of a phosphate or a sugar residue to the
alcohol, it can be varied into a plethora of different molecules.
The biosynthesis pathway and metabolism of sphingolipids is
ubiquitous and highly conserved among eukaryotes, but in
plants, they vary more in structure than in other groups (10).
Sphingolipids are central to many essential processes in plants
including, but not limited to, pollen development. Deficient
mutants have been shown to lack a surrounding intine layer (11).
They are important in the response to biotic and abiotic stress,
such as drought. Presumably, sphingolipids play a role during
pollen dehydration. It is likely that stress resistance is due to the
fatty acid and long-chain base composition (10).

Glycolylceramides, with headgroup hexoses of either glucose
or mannose, are common in the intracellular membranes of
pollen grains, relative to leaves. Simple sphingolipid metabolites,
such as ceramide and free LCBs, have been shown to be
important mediators in signaling cascades involved in various
processes such as stress responses, the regulation of cell growth,
differentiation, senescence, and apoptosis; in mammals notably
also in inflammation. Apart from through the de novo pathway,
can these metabolites be formed through the hydrolysis of
complex sphingolipids. Ceramides and free LBCs can also be
phosphorylated through various enzymes (12).

Plastids are double membrane-bound organelles with their
own DNA. They originate from proplasts that may differentiate
to fulfill various functions, i.e., to be chloroplasts, the site of
photosynthesis. In pollen grains, photosynthesis is not necessary,
but in the cytoplasm of the vegetative cell, there are usually
numerous plastids that accumulate starch. In plastid membranes,
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FIGURE 1 | A schematic image of a trinucleate angiosperm pollen grain with the different features that may contribute lipids with a potential impact on allergy; and
where the possible candidate lipids are located.

galactolipids are more or less dominant. They contain high  Lipid-Transferring Proteins

proportions of the fatty acids octadecadienoic (linoleic; 18:2,  The vegetative cell contains many lipid-binding proteins that
cis-9,12), octadecatrioneic acid (a-linolenic; 18:3, ¢is-9,12,15)  contain hydrophobic binding sites for lipid ligands, including
acid, and hexadecatrienoid (roughanic; 16:3 cis-7, 10. 13) acid,  triacylglycerols and phospholipids. Most of these proteins will
which under situations of oxidative stress or through enzymatic ~ be secreted on the surface of the pollen grain. Although the in
action can be oxygenated to yield oxylipins (13). Unsaturated  vivo functions of lipid-binding proteins (LTPs) remain unclear,
fatty acids (in cis formation) have “kinks” in their molecular  accumulating evidence suggests a role in the transfer and
structure, which prevent them from packing as closely as their ~ deposition of monomers required for assembly of waterproof
saturated counterparts. This also makes them susceptible to  lipid barriers—such as cuticular wax and sporopollenin (17).
oxidation (2). In mammals, oxidation catalyzes the generation  They are necessary for pollen adhesion and germination on
of oxylipids involved in inflammation. In plants, oxylipins are  the stigma. Other roles are signaling during pathogen attacks
involved in growth and development, as well as in defense and tolerance to abiotic stresses. LTPs bind both saturated and
and protection from many abiotic stresses. One example is the  unsaturated fatty acyl chains. Furthermore, many can fit two fatty
phytoprostranes that form from free-radical-catalyzed oxidation  acyl chains in their cavity. Some LTPs are reported to bind to
to yield oxygen radicals. Singlet oxygen, generated in chloroplasts ~ hydroxylated acyl chains (18, 19).

during photosynthesis, is the most important ROS involved,

but also superoxide anion radicals and hydrogen peroxide are  The Intine Is Produced by the Gametophyte
involved (14). The result is a chain reaction, leading to the  The intine surrounds the vegetative cell, beneath the exine. It
accumulation of hydroperoxides. If they include more than two  consists of fibrillar cellulosa, hemicellulosa and pectine, with
double bonds, they can be further oxidized to yield many unstable  3ssociated enzymes that act during germination and pollen tube
molecules that have a prostaglandin G-ring system and are  growth. It develops after the exine. Part of the pectine layer

biologically active. They are powerful gene activators, especially  becomes the precursor of the pollen tube wall. The intine is
for enzymes involved in the response to challenges by external  ysually thicker under the apertures (20).

conditions (15). In the gymnosperm families Cupressaceae (e.g., Cupressus and
Juniperus), Taxaceae (Taxus), and Taxodiaceae (e.g., Sequoia),
Lipid Droplets which have inaperturate or monoaperturate pollen, the intine is

very thick as compared to the exine and to the diameter of the
pollen grain. In contact with water, it swells to rupture, casting
off the fragile exine.

The endoplasmatic reticulum enfolds lipid droplets with a
diameter in the range of 0.5-2.0 um. In pollen grains, they
mainly contain triacylglycerides, but also 2-3% phospholipid,
robably in a monolayer around the surface of the oil .
Ib;ody. %he chain lengt);m of the fatty acids in naturally The Outer Wall of the Pollen Grain Is of
occurring triglycerides vary, but most contain 16, 18, or 20 Sporophytic Origin

carbon atoms. The triacylglycerides accumulate throughout The Exine

pollen maturation and about 20 % are used during this  The exine usually consists of two layers [Figure2; (21)]. The
process (16). inner one is the endexine, which is a homogenous structure,
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Endexine

FIGURE 2 | The outer wall of the pollen grain is called the exine, and consists
of the very resistant and inert compound sporopollenin. The exine is generally
bilayered, with a lower and homogenous endexine and an upper and
structured ectexine. The ectexine, in turn, has a foot layer, a layer of rods
(columellae) and an outermost tectum. The rods are usually not tightly joined,
but are separated by empty space. If the tectum does not cover the lower
strata completely (is semitectate), the spaces can be filled with the sticky
pollen coat. In insect-pollinated species, the pollen coat is ample and covers
the surface of the pollen grain; in wind-pollinated species with intectate pollen,
it may fill the spaces between the rods, but be lacking on the surface.

except for at the apertures. The outer one is the ektexine, which
in its complete form has three layers. The lowermost is the foot
layer and the outermost is the tectum; the middle layer consists
of radially arranged rods (aka columellae), separated by empty
space. Variation is large with regard to the thickness, sculpturing
and arrangement of the rod layer, as well of the texture and
integrity of the tectum. Although consisting of the extremely
resistant and complex compound sporopollenin, the exine is
not impermeable. Rowley et al. (22) identified numerous radial
microchannels, ~25 nm in diameter in mature pollen, that allow
for a flow of water and for diffusion of small molecules into spaces
between the rods and to the surface coating.

The exine is formed during early microspore life, initially
through the contribution of its cytoplasm, but later and above
all through accretions by the inner anther wall cell layer, the
tapetum, part of the sporophyte.

In most pollen grains, there are thinner parts of the exine,
termed apertures, through which the pollen tube generally
emerges at germination. They also serve in the accommodation
of volume changes at desiccation and hydration (23).

The exine is an extremely stable structure. Its main component
is sporopollenin. Its insolubility has been an obstacle to in-
depth analysis and its composition and biosynthesis is not
fully understood. However, it appears to be a biopolymer of
phenylpropanoid and lipidic monomers, such as very long-
chained fatty acids and their polyhydroxylated derivatives (24).

The Pollen Coat

The outermost layer of the pollen wall, the pollen coat, is of a
sticky nature and accumulates in depressions and spaces between
the bacula [Figure 2; (25)]. It is mainly composed of lipids and
is extremely hydrophobic. In addition, there are also proteins,
pigments, aromatic substances and small molecules such as
sugars (26). Lipids protect pollen grains against UV light damage,

dehydration, and attack by pathogens. They play a key role in
pollen-pistil interactions and in pollination by insects or other
animals (27). Pollen from anemophilous plants generally contain
less of the sticky pollen coat material than those from zoophilous
species. This trend is evident in genera where there is a transition
from zoophily to anemophily, such as Fagopyrum and Castanea.
In contrast to the case of zoophilous pollen, where there is a sticky
layer on the exine surface, it is deposited between the columellae
and inside exine cavities in pollen generally dispersed by the wind
(28).

Just as the exine, do the contents of the pollen coat mainly
emanate from the tapetal cells, after their apoptosis. The coat
is formed from their debris (29). The lipid composition of the
pollen coat is completely different from that in other parts of the
pollen grain.

Sterol esters

The relative dominance of sterol esters and fatty acids in the
pollen coat appears to vary. Sterol esters contain relatively
saturated acyl groups, and may function in the maintenance of
the pollen coat in a semi-solid form that enclose and keep the
embedded proteins and other substances in place (25). Sterols
differ in the length of the side chain and the number and positions
of double bonds and attached methyl groups. The sterols found
in most tissues of higher land plants mainly consist of sitosterol,
stigmasterol, campesterol, and to a lower amount of cholesterol.
In pollen the composition is different and more complex. It varies
between closely related species, which may be due to variation
in pollination system: many pollinating insects lost the ability
to synthesize squalene and depend on the uptake from sterols
from their nutrition. In a study of pollen from 22 allergenic
species (30), B-sitosterol, [(3b-,24R)-ergost- 5-en- 3-ylJoxy], and
stigmastan-3,5-diene dominated among sterols, identified in 12—
16 pollen species. In addition, stigmasterol and the tripene f-
amyrin were present in 6 and 5 species, respectively, of the pollen
analyzed. In another study, the major sterol ester in Brassica
napus was found to be campestdienol, followed by stigmasterol,
campesterol and sitosterol (3).

Fatty acids
In their study of pollen from 22 allergenic species, Bashir
et al. (30) found that saturated and unsaturated fatty acids had
the highest concentration and abundance. The dominating
polyunsaturated fatty acid was octadecadienoic (linoleic)
acid (18:2, cis-9,12), followed by octadecatrieonic acid (a-
linolenic;18:3, cis-9,12,15), but there was a large variation among
the species. Among saturated fatty acids, the six most abundant
were hexadecanoic (palmitic; 16:0), tetradecanoic (myristic;
14:0), eicosanoic (arachidic; 20: 0), docosanoic (behenic; 22:0),
heptadecanoic (margaric; 17:0), and nonanoic (pelargonic; 9:0)
acid. Octadecanoic (stearic; 18:0) acid was present in six species,
and there were also others with fewer occurrences (30). The ratio
between unsaturated and saturated fatty acids varies between
species. Both kinds often occur as triacylglycerides in the pollen
coat (31).

Very long chain lipids contribute to the hydrophobic cuticle
on the surface of all higher plants; their abundance in the pollen
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coat, however, varies among species. Bashir et al. (30) found 25
different saturated, normal, and branched- chain hydrocarbons
with between 6 and 35 carbon atoms. The odd-numbered series
of 27, 29, 23, 17, and 21 carbon atoms were the most abundant.
Long-chain n-alkanes 31:0 were detected in all grasses, but were
rare in other samples. This was also true for 24:0.

Bashir et al. (30) also found significant differences among
species with regard to dicarbyxolic acids, with (Z)-butenendioic,
butanedioic, and buteneioic (E) acids dominating. They also
identified alkenes, fatty alcohols, mono-unsaturated alcohols,
and aldehydes.

The Pollen Microbiome Contributes to the Lipidome
The sticky pollen coat, containing sugars and lipids, is a
favorable habitat for microorganisms. Both bacteria and fungi
have been observed on the pollen surface (Figure 1), although
the knowledge of their diversity still is quite new. Heydenreich
et al. (32) demonstrated that grass pollen grains contained high
numbers of Gram- negative and Gram-positive species. Ambika
Manirajan (33) found that Proteobacteria was the dominant
phylum in all pollen species, followed by Actinobacteria,
Acidobacteria, and Firmicutes. Both plant species and pollination
type significantly influenced structure and diversity of the pollen
microbiota. Variation between species was significantly smaller
between insect-pollinated species as compared to the wind-
pollinated ones, suggesting an equalizing effect by insect vectors.

The outer membrane of Gram-negative bacteria is dominated
by lipopolysaccharide (LPS; aka endotoxin), which is important,
e.g., for the structural integrity of the bacteria, resistance to
chemical attack, and interaction with predators. LPS can be
toxic, due to the component Lipid A, which is a phosphorylated
glucosamine disaccharide with multiple fatty acids. Gram-
positive bacteria have only one membrane, surrounded by a thick
peptidoglycan layer.

THE POLLEN GRAIN IN ACTION

When the pollen grain lands on a stigma in a flower, it must
adhere to its surface. The exine structure then plays a significant
role, as do compounds in the pollen coat, not least the lipids
(34). When they arrive, most pollen grains generally contain little
water. In most species, they are partially dehydrated until 15-35
%, just before or after anther opening, and quiescent. A number
of species, e.g., of Urticaceae and Poaceae, remain partly hydrated
at dispersal (35). In order to fulfill their function, i.e., fertilization,
all pollen grains must be rehydrated, germinate and produce a
pollen tube.

Stigmas could be “wet” or “dry,” depending on the absence
or presence of secretions during the receptive period (36, 37). In
species with the wet type of stigma, pollen grains are immediately
surrounded by the watery exudates, and are captured due to their
stickiness and surface tension (38). In dry stigmas, the surface
cells are intact and covered with a cell wall, a waxy cuticle,
and a proteinaceous pellicle. Mobilization of pollen coat leads
to mixing of lipids and proteins and formation of a “foot” of
contact on the stigma surface (39). Thereby, secretion of lipid-
rich material is further enhanced, leading to movement of water

from the stigmatic papillae to the pollen. This interaction is
facilitated by the degradation of lipids by lipases in the pollen coat
and pollen wall, as well as by proteins. It leads to swelling of the
pollen grain, and the emergence of a pollen tube from one of the
apertures. The tube is directed toward the stigma by the gradient
of an increasing water potential, which also causes polarization of
the pollen cytoplasm. Unsaturated triacylglycerides are required
in this process and necessary for the penetration of the stigma
(31).

Hydration transforms the non-polar vegetative cell in the
pollen grain to be highly polarized within minutes. The
sphingolipid glycosyl inositol phosphorylceramides (GPICs) are
very common components of plant membranes, but was said to
be less abundant in pollen (3). However, in Arabidopsis GPIC-
deficient mutants, pollen tubes behaved abnormal, and were not
able to properly navigate or communicate with female tissues
after pollination, indicating that GPICs indeed are important
for the function of the pollen grain. Disruption of sphingolipids
containing very long fatty acid chains is known to cause
mislocalization of polar membrane proteins (40).

When the pollen grain still is dehydrated, the lipid droplets in
the cytoplasm that were not consumed during pollen maturation,
are enfolded in a network of the endoplasmatic reticulum. In
olive (Olea europea) they were observed to enter the emerging
pollen tube and to be degraded and apparently be converted
directly into membrane lipids (16). In addition, lipid droplets are
synthesized throughout the life of the pollen tube, in plasmids
present in the vegetative cell cytoplasm that entered the pollen
tube. Growth is usually rapid, so the demand for membrane lipids
is substantial. It was suggested that sterols also provide necessary
membrane material, but rather, they play a role during subcellular
processes underlying polar tube tip growth. The composition
of sterols changes during pollen tube growth. The change is
suggested to promote maximal tube elongation (3).

The Arabidopsis alkaline ceramidase TOD1 is a key turgor
pressure regulator in plant cells. Turgor pressure plays pivotal
roles in the growth and movement of plant cells; thus
also in pollen tubes. Li-Yu Chen et al. (41) demonstrate
that Arabidopsis mutants lacking an alkaline ceramidase have
a higher turgor than the wild type and show growth
retardation.

POLLEN LIPIDS IN ALLERGY

When bioaerosols (bacteria, fungi, pollen etc.) come into contact
with human tissues facing the external environment, they
will meet with so called antigen-presenting cells (APCs), e.g.,
dendritic cells (DCs). APCs recognize and process antigens and
then migrate from the peripheral tissues to a lymph node, where
they present the antigen on the cell surface of naive T cells.
The dendritic cells also secrete small proteins—cytokines—that
influence the polarization of T cell development into different
subsets, called effector cells, that induce antibody production and
transformation of other cells. The aim is to eliminate the antigen
and resolve the infection. After the initial immune response, most
of the effector cells die, while a fraction survive and become
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long-lived memory cells. The host is then said to be sensitized.
At future contact with the antigen, he or she will react.

Mature and polarized T cell subsets react to different antigens.
Thl cells react to bacteria, viruses and other intracellular
pathogens, and eliminate cancerous cells. In focus of the present
review are so called Th2 cells, which have evolved as a response to
helminths, but also are activated by allergenic proteins. Dendritic
cells stimulate T cells into this pathway through the cytokine
IL-4, which in turn also secrete IL-4, as well as IL-13. Thereby,
they activate B cells to produce specific IgE-antibodies, They
also secrete IL-5, which increases the production of eosinophils
in the bone marrow. Eosinophils are lymphocytes containing
toxic cytoplasmic granulae. High levels of eosinophils lead to
inflammation and tissue damage.

When the sensitized person reencounters an allergen, B-cells
proliferate and produce IgE antibodies. These bind to mast
cells and cross-link to the allergen, thereby activating the mast
cells, which start to release granule proteins, as well as different
mediators that provoke the allergic reaction. Mast cells, T cells
and macrophages produce cytokines that recruit eosinophils and
T cells to the inflammatory site (42).

Natural killer T cells are highly conserved cells, that play an
important role at the mucosal surfaces as part of the first line of
defense of the immune system. They are present in peripheral
tissues and, after activation, display effector functions through
the rapid secretion of cytokines, including those involved in a
Th2- reaction (43).

Recent discoveries have led to the identification of a novel
group of immune cells, the innate lymphoid cells (ILCs). The
members of this group are divided into three subpopulations.
The subset ILC2s provides a source of the Th2 cytokines, IL-
4, IL-5, and IL-13, upon activation by epithelial cell-derived
cytokines and lipid mediators (leukotrienes and prostaglandin),
and promote structural and immune cell responses in the airways
after antigen exposure. Their response appears to be independent
of T and B cells (44).

Antigen-Presenting Cells Carry
Lipid-Binding Receptors

Toll-like receptors (TLRs) are a class of proteins that are
expressed on the membranes of several cells both in the innate
and in the adaptive immune system, as well as of non-immune
cells such as in the airway epithelium. TLRs recruit proteins
that start a chain reaction, ultimately leading to upregulation
or suppression of genes that orchestrate inflammatory responses
and other transcriptional events. They recognize molecules that
are broadly shared by potentially pathogenic organisms and
foreign molecules, which deviate from molecules that belong to
the host.

TLR-4 and TLR-2 recognize lipids. TLR-4 recognizes LPS from
Gram-negative bacteria, and then interacts with three different
extracellular proteins, LPS-binding protein (LBP), CD14 and,
myeloid differentiation protein 2 (MD-2). TLR-2 recognizes
a wide range of compounds from Gram-positive and Gram-
negative bacteria, as well as from mycoplasma and yeast. In
both cases, the result is proinflammatory cytokine production

(45). Environmental LPS exposure of individuals with allergic
airway diseases, including asthma, is known to exacerbate the
disease (46).

The peroxisome proliferator-activated receptors (PPARs) are
a group of nuclear receptor proteins that are associated with
lipids. When the PPAR binds a ligand, transcription of target
genes is increased or decreased, depending on the gene. PPARY is
important in asthma, allergy, and airway inflammatory responses
through up-regulation of PTEN [phosphatase and tensin
homolog; (30)]. Among naturally occurring agents that directly
bind with and activate PPARY are various polyunsaturated fatty
acids, which are common in pollen grains, in a free form or
as constituents in phospholipids, glycolipids, and triacylglycerol
acyl chains, as well as arachnoids, which may occur as oxylipids.

Lipids Bind to CD1 Molecules

Lipids and glycolipids are recognized by CD1 (cluster of
differentiation) molecules, which constitutes a family of
glycoproteins, that are expressed on various mammal immune
cells and on planar membranes such as in the airway epithelium.
They are structurally similar to MHC class I molecules that bind
peptids, but are generally not polymorphic.

There are four different CD1 proteins with their own unique
way to bind lipids, as their antigen-binding pockets differ. CD1d
is expressed on professional APCs including dendritic cells
(DCs), macrophages (M), monocytes, and some B cells. CD1d
molecules activate a certain subset of NKT cells called “invariant
NKT” (iNKT), since they are restricted to CD1d. They were first
regarded as a part of the defense against lipids of microbial origin,
However, a number of other exogenous and endogenous ligands
could be presented by CD1d to iNKT cells, including polar lipids,
diacylglycerols, free fatty acids, and triacylglycerols isolated from
pollen grains (47, 48).

Dendritic cells are able to recognize and uptake lipids through
their TLR-receptors, or through PPAR. Abos-Gracia et al. (48)
exposed monocyte-derived DCs to olive pollen grains in an in
vitro-culture system (Figure 3). The pollen grain was surrounded
and enclosed by the DCs, followed by their maturation and
display of an increased CD1d expression, as a result of activation
of the PPAR receptor. Abos-Gracia et al. (48) showed that polar
lipids from olive pollen (including phospholipids and glycolipids)
indeed were able to increase CD1d surface expression. In an
earlier study, (49, 50) showed that cloned g8 T lymphocytes
from subjects with allergy, but not normal controls, recognized
Cupressus and Olea pollen-derived phosphatidyl- ethanolamine
(PE) in a CD1d-restricted fashion. Only 16:0/18:2 and 18:2/18:2
PE were stimulatory. There was no response from disaturated PE,
phosphatidylcholine, neutral lipids, or protein extract.

In their assay of lipids occurring on the surface of pollen
grains, Bashir et al. (30) stimulated dendritic cells and NKT-
cells from two strains of mice with various kinds of lipids
that have been related to allergic reactions. DCs and NKTs
appeared to engage in an activation loop, reciprocally stimulating
the production of Th2 cytokines Figure 3. One of the mouse
strains lacked the MyD88 gene, which provides instructions
for making a protein involved in signaling within immune
cells. The MyD88 protein acts as an adapter, in particular
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FIGURE 3 | The interplay between antigen-presenting cells (APC), invariant NKT cells, Th2-cells and B-cells, with examples from what is described from reactions to
pollen lipids. The Toll-like receptors 2 and 4, on the surface of APCs, as well as the nuclear receptor PPARg in their interior, can bind to lipids, which then are
presented by Cd1d molecules on their surface. Then, the Cd1d-bound lipid can be recognized by T cell receptor (TCR) on the surface of the iINKT. Simultaneously, the
APC produces cytokines, which skew cytokine production in the INKT to promote a Th2-inflammatory response. The APC will in turn be stimulated by the INKT
cytokine production, and they will engage in an activation loop, reciprocally stimulating the production of Th2 cytokines (e.g., IL-4, IL-5, IL-13).

transferring signals from Toll-like receptors and interleukin-  and aliphatic alcohols, especially 1-tetradecanol, and the sterol
1 (IL-1) to the proteins that relay signals inside the cell. The  b-sitosterol stimulated TNF-a.
parallel study of cells from wild type and deficient mice would Disintegration of pollen may enhance the bioavailability of

illuminate the importance of these factors for the response to  lipid compounds from inside the pollen grain. As mentioned
lipid exposure. The results showed that the MyD88 pathway  above, the pollen grains in a number of gymnosperm families
was necessary for the induction of a proinflammatory response ~ (Cupressaceae, Taxaceae, Taxodiaceae) have an exceptionally
to saturated fatty acids, n- alkanes, aliphatic alcohols, and  thick intine and a thin exine. At pollination, the pollen grains are
sterols, with some exceptions—and then only in the presence of  captured in a liquid secreted from the micropyle. The hydrophilic
NKT-cells. and elastic intine then swells, causing the non-elastic exine

The cytokine IL-13 could induce the secretion of Th2-  to burst and be shed, leaving the intine exposed. After 10-
promoting factors from DCs, further stimulating iNKT-cells to 15 min, the expanding intine starts to break, and the cytoplasmic
produce more of the Th2-cytokines. The fatty acids eicosanoic ~ components disperse in the liquid. Exposed acyl side chains of
acid (20:0) and docosanoic acid (22:0) caused rapid, substantial, ~ the non-bilayer phospholipids that protrude from membrane
and specific up-regulation of Th2-associated IL- 13 from MyD88  surfaces [(5); section The Vegetative Cell of the Gametophyte]
deficient DCs/NKT. This result suggested the presence of toll- ~ may enter the pocket of a CD1 molecule on a DC, making
like receptor (TLR)-independent pattern-recognition receptor in the contact between pollen grain and the DC-cell stable and
Th2—induction against eicosanoic acid and docosanoic acid. ~ activating iNKT and other CD1-presenting T cells. Then, DCs
Expression of IL-13 was stimulated also by the n-alkane with 24 ~ migrate into draining lymph nodes, where allergenic proteins are
carbon atoms and by the aliphatic alcohols 1- tetradecanol and ~ Presented to conventional lymphocytes (T- and B-cells), which
1-octacosanol (30). amplify the allergic reaction (3; 39).

Activation and up-regulation of CD1d by pollen-derived lipids
also occur in other types of APCs, such as macrophages and
monocytes, apart from in dendriti cells. Both macrophages and
monocytes, treated with olive pollen lipids showed an increase in
CD1d gene expression (47).

Tumor necrosis factor (TNE tumor necrosis factor o, TNF
a, cachexin, or cachectin) is a cytokine involved in systemic
inflammation and is one of those that make up the acute
phase reaction. Furthermore, TNF-o might be important in the
recruitment of eosinophils to the allergic inflammatory site.
Bashir et al. (30) found that the saturated fatty acids 17:0-26:0
induced TNF-a, in DCs from the wild-type mice, witheven more  Lipids Are Ligands to Allergenic Proteins
enhanced excretion in the presence of NKT-cells. The greatest  The allergenic potential of non-specific lipid-binding proteins
release was induced by tetracosanoic (24:0) and docosanoic  have been attributed both to their low molecular mass and
(22:0) acids, followed by hexacosanoic (26:0), and heptadecanoic  to their high thermal and proteolytic stability, which allow
(17:0) acids. Also n- alkanes, especially with 25 carbon atoms,  them to reach the immune system in a biological intact form.
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But their binding to different types of lipids, including fatty
acids, phospholipids, glycolipids, and prostaglandin B, could
contribute to the activation of innate immune cells, and enhance
an IgE dominant response (51). nsLTP proteins are very versatile
with regard to possible ligands. The volume of their internal
hydrophobic cavities are sufficient to accommodate either single-
or double-chain lipids bound in different modes. It is not yet
known how these variants affect the allergenic potency. The
possible adjuvant nature of the lipid ligands, when combined
with the allergen, must be further evaluated. Lipid-binding to
nsLTPs was shown to result in CD1d- restricted activation of
iNKT cells promoting allergic sensitization. There might also
be other mechanisms, where lipids engage pathogen recognition
receptors (PRRs) on the surface of immune and epithelial cells,
or influence the absorption of allergens through the epithelial
barrier (52).

The major allergen of Brazil nut (Bertholletia excelsa), Ber
e 1, requires association to a specific fraction of the lipids
present in the nuts, in order to trigger allergic Th2 responses
in mice and humans (53). This fraction contains neutral and
common phospholipids. Whereas the allergen alone is not able to
induce sensitization, the complex of allergen and lipid promptly
promoted high levels of Ber-specific IgG1 as well as total IgE.
It was found that Ber e 1 has a lipid-binding pocket similar to
the LTP-binding pocket in wheat protein, and results indicated
interaction between the allergen and lipids in the aforementioned
fraction. Furthermore, the complex allergen-lipid induced the
Th2-associated cytokine IL-4-production by splenic iNKT-cells
of mice, leading to the production of anaphylactic antibodies,
whereas mice lacking iNKT did not react in this way. Although
Ber e 1 is not a pollen-, but a seed-associated allergen, this
case illuminates how lipids can enhance the allergenicity of a
protein, and the role of iNKT in the provocation of an allergic
reaction. Among other components in the active lipid fraction
where triclycerides, sterols, and phosphatidylethanolamine, all
present in pollen; the latter also reported to be recognized by
T-lymphocytes in a Cdld-restricted fashion in a Olea pollen
extract (49).

The natural ligand of the main isoform of the major
birch pollen protein Bet v 1 is quercitin, which binds to
iron when ligated to the protein. When iron is present, Bet
v 1 has no potential to provoke an Th2 response, but is
it absent, it manipulates T cells toward a Th2 polarization
(54, 55). The ligand interaction increases the volume of
the hydrophobic pocket, causing a structural change that
might have an impact on the uptake and processing of the
protein (56, 57).
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CONCLUSION

It is evident that an understanding of atopic reactions to pollen
compounds must involve knowledge about the impact of pollen-
derived lipids and their ability to activate specialized receptors
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toward a so called Th2-reaction.
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Molecular allergology research has provided valuable information on the structure and
function of single allergenic molecules. There are several allergens in food and inhalant
allergen sources that are able to interact with lipid ligands via different structural features:
hydrophobic pockets, hydrophobic cavities, or specialized domains. For only a few of
these allergens information on their associated ligands is already available. Several of the
allergens are clinically relevant, so that it is highly probable that the individual structural
features with which they interact with lipids have a direct effect on their allergenic
potential, and thus on allergy development. There is some evidence for a protective effect
of lipids delaying the enzymatic digestion of the peanut (Arachis hypogaea) allergen Ara
h 8 (hydrophobic pocket), probably allowing this molecule to get to the intestinal immune
system intact (sensitization). Oleosins from different food allergen sources are part of lipid
storage organelles and potential marker allergens for the severity of the allergic reaction.
House dust mite (HDM), is more often associated with allergic asthma than other sources
of inhalant allergens. In particular, lipid-associated allergens from Dermatophagoides
pteronyssinus which are Der p 2, Der p 5, Der p 7, Der p 13, Der p 14, and Der p
21 have been reported to be associated with severe allergic reactions and respiratory
symptoms such as asthma. The exact mechanism of interaction of these allergens with
lipids still has to be elucidated. Apart from single allergens glycolipids have been shown to
directly induce allergic inflammation. Several —in parts conflicting—data exist on the lipid
(and allergen) and toll-like receptor interactions. For only few single allergens mechanistic
studies were performed on their interaction with the air-liquid interface of the lungs, in
particular with the surfactant components SP-A and SP-D. The increasing knowledge
on protein-lipid-interaction for lipophilic and hydrophobic food and inhalant allergens on
the basis of their particular structure, of their capacity to be integral part of membranes
(like the oleosins), and their ability to interact with membranes, surfactant components,
and transport lipids (like the lipid transfer proteins) are essential to eventually clarify allergy
and asthma development.

Keywords: asthma, food allergy, house dust mite, innate immunity, lipophilic allergens, lipids, peanut, pulmonary
surfactants
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INTRODUCTION

In recent decades, allergies have become the number one
chronic disease in many parts of the world affecting up to
30% of the population in each country (1). Therefore, much
effort has been devoted to identifying and characterizing single
allergens in order to improve routine diagnostic tests and
offer therapeutic interventions. Until lately, however, this work
was dedicated to water-soluble allergens because due to their
hydrophobic/lipophilic properties lipophilic allergens were not
isolated by conventional extraction procedures and were not
encountered in IgE screening experiments. The recent discovery
of a group of unique lipophilic allergens, termed oleosins, in
food allergen sources and their association with severe allergic
reactions demonstrated the importance of non-water-soluble
allergens and gave impetus to intensify studies on allergen-lipid-
interaction and how it impacts the allergic sensitization process
(2-4). This review will give an overview of different groups of
lipophilic/lipid-associated allergens, the mechanisms of allergen-
lipid-interaction known so far and discuss its immunological
impact on disease development (Table 1). The focus will be on
the two most common clinically relevant sources of lipophilic
allergens, house dust mite, and peanut.

HOUSE DUST MITE AND PEANUT AS
MODEL FOR
ALLERGEN-LIPID-INTERACTION

House dust mites (HDM) are the major allergen source found
in house dust and a common elicitor of severe respiratory
symptoms such as asthma. Surprisingly, more than 80% of
individuals suffering from asthma are allergic to HDM (5). This
finding triggered an increased interest in the identification of
allergens from the two most relevant mite species, the American
house dust mite (Dermatophagoides farinae, Der f) and the
European house dust mite (Dermatophagoides pteronyssinus, Der
p). Until now, more than 20 allergens have been identified
for each species (Der f 1-36; Der p 1-37) (www.allergen.
org), some of which with lipophilic properties. Interestingly,
the lipophilic allergens have been more often associated with
asthmatic diseases (6, 7).

Peanut is an important source of nutritionally valuable lipids
(fat content ~50%). However, it is also one of the most potent
allergen sources and a major cause of food-induced anaphylaxis
in industrialized countries (8-10). Therefore, peanut allergens
have been intensively studied to identify those important for
diagnosis and therapy. Among the 16 officially registered peanut
allergens (www.allergen.org) two have been identified by us to be
associated with lipids, Arah 8 and Ara h 9 (11, 12). Nevertheless,
the accompanying lipids did neither effect their extractability nor
their IgE reactivity in immunological test systems, thus their role
in peanut allergy did not become apparent at that time. Over
the last years the view on lipid-associated allergens has changed,
in particular by the discovery of the oleosins, a unique group
of water-insoluble membrane proteins. They are absent from
diagnostic extracts but have been shown to be potential marker

allergens for the severity of the allergic reaction to food (2, 3, 13).
These findings have directed our research to the question of the
effect of lipids and their association with lipophilic allergens in
the context of allergic diseases (see Figure 1).

Lipids are small hydrophobic or amphipathic molecules
which, according to the International Lipid Classification and
Nomenclature Committee, are categorized into 8 groups based
on their structural features. These groups are fatty acyls,
glycerolipids, sterol lipids, glycerophospholipids, sphingolipids,
prenol lipids, saccharolipids, and polyketides (21).

Apart from the lipids interacting directly with allergens, there
are also various lipids co-delivered with allergens. They originate
either from the allergen source per se or from microbes associated
to pollen or house dust mites [reviewed by (22)]. Lipids, as part
of the allergen source, occur in pollen coats [so called pollenkit,
where they exhibit protective functions for the plants (23)], in
matrices of plant and animal foods and in animal dander. These
lipids can modulate the immune system by interacting with
innate lymphocytes, such as NKT cells (24-26). Examples of such
immunomodulatory lipids are lipopolysaccharide (LPS) and lipid
mediators, i.e., Pollen Associated Lipid Mediators (PALMs).

There is more detailed knowledge on the protein than on the
lipid molecules when considering structural interaction or the
immunological effect on disease pathomechanisms.

There are several examples in food as well as inhalant
allergen for structural allergen-lipid-associations,
which have in parts already been elucidated, structurally,
and/or immunologically. Since they have been already
summarized (22, 27), in our review we focus on their potential
clinical relevance.

sources

ALLERGENS FROM DIFFERENT SOURCES
(FOOD, MAMMALS, ARTHROPODS), AND
THEIR ASSOCIATION WITH LIPIDS

In order to understand the effect of structure on the allergenicity
of certain allergen sources it is important to understand essential
definitions of molecular allergology.

The official nomenclature of single allergens consists of the
abbreviated Latin name of the allergen source [the first 3 or
4 letters of the genus, ie., Betula (birch)], the first or the
first 2 letters of the species (verrucosa) and, in general, the
number following the chronological order in which they were
identified, (i.e., Bet v 1) (28). Basically, single peanut allergens
are named Arachis hypogaea (Ara h) 1-17; house dust mite
allergens (Dermatophagoides pteronyssinus (Der p 1-37), D.
farinae (Der f 1-36). A huge number of allergens are allocated
to only few protein families. Exemplified for peanut, these are
the following: the Bet v 1 (Betula verrucosa) superfamily, the
prolamin superfamily (that includes the lipid-transfer proteins),
the conglutin-like storage proteins; 2S-albumins, vicilin-like
storage proteins (7S-globulin), the defensins (29), and the
oleosins (4). The association with lipids has been described
for the allergen families Bet v 1-superfamily, lipid transfer
proteins, 2S albumins, 7 and 11S globulins, oleosins, lipocalins,
apolipophorins, and the mite allergen groups 2, 5, and 7.
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TABLE 1 | Allergens and their interaction with lipids.

Protein family Source Allergen Allergological relevance Mode of lipid/ligand Resulting effects
interaction
Bet v 1 like Birch Bet v 1 Major allergen, associated with Binds ligands via Binds and permeabilizes
(Betula verrucosa) mild allergic reactions hydrophobic pocket membranes
Peanut Arah 8 Minor allergen, associated with Binds lipids via hydrophobic Delayed enzymatic digestion
(Arachis hypogaea) mild allergic reactions, marker for pocket (see Figure 1B), increased
pollen-associated food allergy thermal stability, enhanced
uptake in intestinal mucosa
Non-specific lipid Peach (Prunus persica) Prup 3 Pan-allergen, associated with Binds fatty acids in inner Induction of conformational
transfer protein severe allergic reactions hydrophobic cavity changes that lead to
(Mediterranean area) increased IgE-binding (see
Figure 1C)
Peanut Arah 9 Pan-allergen, associated with Potentially binds lipids, Unknown
(Arachis hypogaea) severe allergic reactions phospholipids in inner
(Mediterranean area) hydrophobic cavity
Grape Vit vi1 Pan-allergen, associated with binds phosphatidylcholine Delayed enzymatic digestion
(Vitas vinifera) severe allergic reactions
(Mediterranean area)
Globulin Peanut (Arachis hypogaea) Arah 1 Major allergen, associated with Interaction with Delayed enzymatic digestion
severe allergic reactions phosphatidylglycerol
vesicles
Mustard Sina?2 Major allergen, associated with Interaction with Protection against
(Sinapis alba) severe allergic reactions phosphatidylglycerol enzymatic digestion &
vesicles and mustard lipids microsomal degradation,
activation of human DCs
2S Albumin Brazil nut (Bertholletia Bere 1 Major allergen, potentially Lipid-binding hydrophobic Co-administration with brazil
excelsa) associated with severe allergic cavity is assumed nut lipids induced IgE and
reactions IgG1-response in mice and
IL-4 in murine and human
CD1d-restricted iNKT cells
Peanut Arah 2 Major allergen, associated with None Might inhibit tryptic
(Arachis hypogaea) severe allergic reactions (marker degradation of
allergen) co-administered peanut
allergens
Oleosins Peanut Arah 10 Potential major allergens, Bind phospholipids and Potentially enhanced uptake
(Arachis hypogaea) associated with severe allergic lipids via hydrophobic of oil bodies via
Arah 11 . . . . . - . .
reactions (potential marker domain creating an oil body lipid-carrier-mediated
Arah 14 allergens) transport mechanism (see
Arah 15 Figure 1E)
Sesame (Sesamum Sesi4 Potential major allergens, Bind phospholipids and
indicum) Sesib associated with severe allergic lipids via hydrophobic
reactions (potential marker domain creating an oil body
Hazelnut (Corylus avellana) Cora 12 allergens)
Cora 13
Lipocalin Cow'’s milk Bosd 5 Major allergen Carries hydrophobic Insertion into bilayers,
(Bos domesticus) molecules, protection against
phosphatidylcholine enzymatic digestion
Dog Canf6 Unknown Binds LPS Enhancement of
(Canis familiaris) LPS/TLR4-signaling (see
Figure 1D)
Secreto-globulin Cat (Felis domesticus) Feld 1 Major allergen Potentially binds Enhancement of TLR2 and
TLR-ligands TLR4 signaling
Group 2 mite House dust mite Derp 2 Major allergen, more often Binds LPS due to structural Enhancement of
allergen (Dermatophagoides recognized by asthmatics similarity with MD-2 LPS/TLR4-signaling (see
pteronyssinus) Figure 1D) resulting in
airway Th2 inflammation
House dust mite Derf2 Major allergen, more often Binds LPS due to structural

(Dermatophagoides farinae)

recognized by asthmatics

similarity with MD-2

(Continued)
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TABLE 1 | Continued

Protein family Source Allergen Allergological relevance Mode of lipid/ligand Resulting effects
interaction
Group 5/7 mite House dust mite Der p5 Minor allergen, more often Hydrophobic cavities that Potential stimulation of
allergen (Dermatophagoides recognized by asthmatics might bind apolar ligands TLR2 (see Figure 1D)
pteronyssinus)
Derp7 Minor allergen, more often Hydrophobic cavities that
recognized by asthmatics might bind apolar ligands
Group 13 mite House dust mite Derp 13 Minor allergen Selective binding of fatty Induction of airway epithelial
allergen (Dermatophagoides acids in inner cavity cell activation through
pteronyssinus) TLR2-MyD88-NF-kB and
MAPK-dependent
mechanisms
(see Figure 1D)
Group 14 mite House dust mite Derp 14 Minor allergen Potential transporter of lipids Unknown
allergen (Dermatophagoides
pteronyssinus)
Group 21 mite House dust mite Der p 21 Minor allergen Potentially binds lipids from Activation of airway epithelial
allergen (Dermatophagoides house dust mite cells through TLR2 signaling
pteronyssinus)

Major allergen: recognized by >50% of individuals allergic to the culprit allergen source. Minor allergen: recognized by <50% of individuals allergic to the culprit allergen source.

The respective proteins possess hydrophobic / lipophilic
properties which provide the prerequisites for allergen-lipid-
interactions either via binding through hydrophobic cavities
(15, 30-32), ionic (33), or hydrophobic bonds (34).

These intrinsic properties of the allergens most probably
have an impact on their allergenicity. Basically, allergens can
carry lipids (“lipid cargo”) (27), and these lipids can alter
the allergenicity of allergens by modifying their structure and
biochemical properties. On the other hand, it is most plausible
that lipids are carriers for allergens (see oil bodies-oleosins). The
structural prerequisites are different and only partly elucidated.
Some lipids change the tertiary structure of proteins so that
allergenic epitopes are exposed to IgE antibodies (see paragraph
heading Lipid Transfer Proteins) (see Figures 1A-D).

FOOD ALLERGEN SOURCES

Bet v 1 and Its Homologs in Food Allergen

Sources

It was shown that the Bet v 1-molecule has a hydrophobic pocket
binding various physiologically important lipophilic ligands,
including free fatty acids (30, 35, 36). We could show that the
Bet v 1-homolog of peanut and relevant marker allergen for
pollen-associated food (class II) allergy, Ara h 8, purified from
roasted peanuts, possesses a hydrophobic pocket where lipids are
attached to the protein (12). This is noteworthy as there is some
evidence for a protective effect of lipids delaying the enzymatic
digestion and supporting the uptake of allergens by intestinal
mucosa cells (see Figure 1B) (12, 22).

Lipid Transfer Proteins (LTP)

Nonspecific lipid transfer proteins (nsLTP) are a class of proteins
with potent allergenic representatives in pollen and food allergen
sources. Basically, characteristic features of LTPs are a low
molecular weight of ~10 kDa, and a hydrophobic cavity which

pervades the molecule and allows the hosting of ligands such
as fatty acids. In the Mediterranean area LTP-sensitization is
associated with severe allergic reactions (11). However, some
single cases occur in Northern Europe as well (37), and their
number is increasing. Peanut possesses three lipid transfer
proteins. The first one is Ara h 9 (with two isoforms) (11), to
which 38.5% of peanut-allergic individuals in the Mediterranean
area were sensitized, whereas in the same population IgE-
reactivity to the storage proteins and major allergens Ara 1, Ara
h 2, and Ara h 3 was altogether 4.8%. Further, there are Arah 16
and Ara h 17, for which the WHO/IUIS! allergen nomenclature
documentation exists but no publications (www.allergen.org).
For Ara h 9, Ara h 16, and Ara h 17 the lipid-association has
not yet been elucidated in contrast to other members of this
protein family. However, Krause et al. had evidence that the
peach allergen Prunus persica 3 (Pru p 3) or Ara h 9 may be the
primary sensitizing allergens in those cases where peanut storage
proteins or Ara h 8 were not responsible for primary sensitization
to peanuts. That makes Ara h 9 an important addition to the
component-resolved diagnosis. Furthermore, a deeper insight
into its sensitization route could provide important information
to develop methods for the prevention of food allergy (11). The
3-dimensional structure is very similar among non-specific (ns)
LTPs due to characteristic disulfide bonds (11). Sequence identity
among LTPs is generally low with the exception of Pru p 3
and Malus domesticus (Mal d) 3 (apple). However, nsLTPs from
various allergen sources may differ considerably with regard to
their potential allergen cross-reactivity.

A detailed review on LTPs was published in the special issue
of Frontiers in Immunology, Role of Lipids in the Dynamics
of Allergic Airway Inflammation by Scheurer and Schiilke
(38). We chose Pru p 3 to include an exemplified report on

! Available online at: www.allergen.org Official Homepage of the WHO/IUIS
Allergen Nomenclature.
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FIGURE 1 | Structures and effects of the allergen-lipid-interaction in peanut and house dust mite. (A) lllustration of the molecular interaction of lipids and allergens
from peanut and house dust mite. (a) Lipids bound to the hydrophobic pocket of Ara h 8" (14) (PDB ID: 4M9B) and Der p 137, (b) Lipids integrated into the
hydrophobic cavity of Arah 9™ and Der p 5 (15) (PDB ID: 4M9B). (c) Lipids attached to the hydrophobic domain of peanut oleosins™ . (B) Attached lipids delay or
prevent the digestion of lipophilic proteins (simplified cartoon: lipids bound to Ara h 8). (C) Lipid binding induces conformational changes of allergens that lead to the
exposure of hidden epitopes (red part). (D) Potential initiation of HDM sensitization through activation of TLR2 by Der p 13" and associated or free lipids (left side) or
Der p 2 (PDB ID: 1KTJ) mediated TLR4 activation in bronchial epithelial cells (right side). (E) Uptake of oil bodies™ ™ (and intrinsic proteins e.g. oleosins) by a lipid
carrier-mediated transport in the gut as a potential route of sensitization. The individual structures of proteins were visualized by use of NGL viewer (16). *Lipids were
integrated according to the analogous protein Bet v 1 (17) (PDB ID: 4A83). “Protein structure of the Der p 13 homologues Der f 13 (18) (PDB ID: 2a0a) is shown as
there is no PDB structure of Der p 13 available. “For visualization of the non-specific lipid transfer protein (nsLTP, Ara h 9) the structure of the similar nsLTP from
maize (19) (PDB ID: 1MZM) was used. ~ Simplification of a peanut oil body. A more realistic structure can be looked up at Jappe and Schwager (20).
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LTPs in the context of our own review. Pru p 3 has been
investigated in detail for its lipid-association, is considered the
clinically most important and best characterized food LTP and
a marker allergen for LTP-sensitization (39). For peach and
hazelnut LTPs investigations with and without lipids have been
performed, suggesting that the binding of lipophilic ligands
altered the cavity (“structural plasticity”) (40). Dubiela et al.
have reported the binding of the following substances to Pru
p 3: lauric acid, cis-parinaric acid, palmitic acid, and linoleic
acid. The authors investigated whether peach-LTP-ligand (lipid)
interaction affected IgE-binding in sera from peach allergic
patients. It was shown that the region most probably affected by
the structural plasticity and the conformational changes of the
hydrophobic cavity induced by oleic acid binding contained the
major IgE epitope responsible for severe reactions. Interestingly,
this fatty acid also bound recombinant Pru p 3 which is in
contrast to our own observations for the Bet v 1-homolog
in peanut, the Ara h 8 (12). However, it was shown that
the preincubation of recombinant (r) Pru p 3 with oleic acid
increased the IgE-reactivity of the sera of 10 peach allergic
patients in an ELISA when compared with rPru p 3 alone. The
next step was a cellular diagnostic test, the basophil activation
test, which confirmed the ELISA results: rPru p 3 plus oleic acid
increased the number of activated basophils when compared with
rPru p 3 alone (40).

Similar results were obtained with a grape Vitas vinifera nsLTP
(Vit v 1) in the presence of phosphatidylcholine which was
investigated in an in vitro assay where digestion-protected LTP
increased the release of histamine from basophils (41).

The knowledge about the oleic acid effect regarding increase
of allergenicity can be used (A) in the conception of a safer
immunotherapy by reduction of side effects; (B) the increase
in IgE-binding has the potential of improving the sensitivity of
component-resolved diagnostic tests (40).

2S Albumins and 7S/11S Globulins

Ara h 1, a storage protein (7S globulin) of peanut and a major
allergen as well as Sin a 2, an 11 S globulin in mustard (Sinapis
alba) belong to the cupin superfamily. Both food allergen sources
induce severe reactions. Sin a 2 has already achieved the status
of a marker allergen for the severity of the reaction (42) and
is responsible for cross-reactivity between mustard, peanut and
tree nuts. In 2016, Angelina et al. could demonstrate one way of
interaction between the globulins and lipids and the respective
effects (43). In general, allergens are processed by dendritic
cells (DCs) via endolysosomal compartments, enabling their
presentation on MHC II-peptide complexes to T cells. Angelina
et al. showed that mustard lipids and phosphatidylglycerol
vesicles associate with Sin a 2 and diminished its uptake by DCs
(43). In the same study they showed that the presence of mustard
lipids together with Sin a 2 shifts the cytokine profile of DCs in a
more Th2-favored direction and enhances IL- release compared
to Sin a 2 stimulation only. Further, the authors showed that
in THP-1 cells mustard lipids and phosphatidylglycerol vesicles,
but not peanut lipids inhibited NF-kB/AP-1 activation induced
by a TLR2 ligand. Altogether, this supports the potency of these
molecules to contribute to the allergic sensitization process.

Further, in the same study, there is evidence that lipids also
influence the direct allergen-specific activation of effector cells.
The presence of mustard lipids and phosphatidylglycerol vesicles
protected Sin a 2 from gastric digestion and preserved it’s IgE-
binding property. Phosphatidylglycerol vesicles also protected
Ara h 1 from gastric digestion to a considerable extent, and 40%
of the IgE-binding capacity was retained. However, Ara h 1 was
not protected from intestinal digestion, but the fragment still had
IgE-binding capacity for some time.

Ber e 1, a seeds storage 2S albumin in Brazil nut (Bertholletia
excelsa), has a compact alpha-helical, disulphide-bridged rigid
structure. It is hypothesized that there is a lipid-binding
hydrophobic cavity, and that the allergenicity of Ber e 1 in mice
depends on the presence of lipids from the Brazil nut matrix
(44) as this combination stimulated murine and human CD1d-
restricted iNKT cells that produced IL-4 but not IFN-y.

The results described here make it plausible that clinically
relevant single allergens pass the gastrointestinal tract in a
structural condition that is still immune competent (43).

Although, Ara h 2 is a 2S albumin from peanut and shows
some homology to the LTPs (both belong to the prolamin
superfamily), the domain responsible for lipid-binding is not
present in the Ara h 2 molecule (45). However, Ara h 2 functions
as a trypsin inhibitor and is able to prevent the degradation of
further accompanying allergens such as Ara h 1 (46). In addition,
roasting of peanut increases the IgE-binding potential of Ara h
2 by up to 90-fold (47). This issue is thought to be attributed
to the Maillard reaction which occurs during heat treatment
und may lead to the creation of “neo-epitopes” on allergens (48,
49). Here, the presence of lipids, especially triacylglycerols with
unsaturated fatty acids, might unintentionally lead to the creation
of Maillard reaction products (MRP) as peroxidation of fatty
acids generates a-dicarbonyls, highly reactive MRP precursors
(50). The phenomenon of an enhanced IgE-binding after roasting
is not restricted to Ara h 2 but has also been observed for other
peanut allergens such as Ara h 1, Ara h 8, Ara h 12, and Ara h
13 (defensins) and Ara h 10, Ara h 11, Ara h 14, and Ara h 15
(oleosins) (12, 13,29, 51).

Oleosins

Oleosins are unique lipophilic allergens (20) that can be found in
oil-rich seeds and plant pollen but also in mosses, ferns and algae
(52, 53). They are an integral part of the phospholipid layer of
oil bodies, the lipid reservoir of plants (53). Oleosins have been
overlooked in their capacity of being allergens for many years
due to their poor extractability and the many methodological
problems that had to be faced regarding their isolation and
preparation. Although some peanut allergens are known to be
associated with lipids they are—in contrast to oleosins—soluble
in aqueous solutions. The main characteristic of oleosins is their
relatively large conserved hydrophobic domain (~7 kDa) which
is anchored in a lipid storage organelle termed oil body, lipid
body or oleosome. The amphipathic N-terminal and C-terminal
domains of the oleosins which flank the hydrophobic domain are
most often smaller and reside on the surface of the oil body to
prevent their coalescence by steric hindrance and electrostatic
repulsion [for a schematic model see (20)]. Based on their
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structural features and their tight association with lipids, oleosins
are missing in aqueous-based diagnostic extracts and are yet not
available as single allergens for routine diagnostic allergy tests.
However, their potential to identify patients suffering from severe
allergic reactions has been demonstrated in sesame allergy (2),
hazelnut allergy (3), and peanut allergy (13). So far, only Schwager
and co-authors managed to use oleosins purified from roasted
and raw peanuts for further immunological investigations such
as the basophil activation test. However, up to now it is not
clear whether a potential aggregation of oleosins in an aqueous
environment enhances their allergenicity through the exposure
of multiple IgE-binding epitopes located in the amphipathic
domains that might crosslink the Fce receptor on basophils
more efficiently.

The past years of research have raised the question whether
the sensitization mechanism used by oleosins is different from
that of other lipid-associated allergens. This question cannot be
fully answered by the literature at present but several studies
indicate that a lipid carrier-mediated mechanism is involved
in the transfer across epithelial barriers (see Figure 1E) (54).
Experimental data in mice suggest a more rapid uptake of
substances entrapped in artificial oil bodies via gut and skin
(55, 56). These observations might be important in many ways.
First of all, oil bodies have been reported to be associated with
proteins/allergens other than oleosins, and thus might act as a
transfer vehicle that facilitates the contact of extrinsic allergens
with immune cells (57, 58). Secondly, it has been shown that
oleosins can be present even in refined oils which are typically
used as ingredients in ointments and skin care products of
patients with atopic eczema (59, 60). This raises the question
whether the treatment of eczema patients with the respective
products may put these patients at risk of being sensitized.

Palladino et al. recently published the potential “adjuvanticity”
of peanut lipids with skin keratinocytes as effector cells (61). They
investigated human primary keratinocytes, exposing them to all
major peanut lipid classes together with or in the absence of
peanut storage proteins and major allergens, Arah 1 and Ara h
2. The peanut lipids were obtained from roasted peanuts. The
group demonstrated a direct effect of peanut lipids on human
keratinocytes triggering an inflammatory mediator production,
because keratinocytes were able to recognize peanut lipids
as exogenous stimulus. Since the pro-inflammatory mediators
were elsewhere described as inducers of a barrier disruption
which allows allergen penetration and subsequent allergic
inflammation, the authors hypothesize a potential role of peanut
lipids as adjuvant for peanut allergens (61).

MAMMALIAN ALLERGENS

Lipocalins

Members of this protein family transport small hydrophobic
molecules like some lipids, steroid hormones, retinoids,
pheromones, fragrances, and bilins. Lipocalins are molecules of a
molecular weight between 16 and 22 kDa with different primary
but similar tertiary structures. They have a binding pocket for
extrinsic molecules, however, their precise role as allergens in the
allergenic pathomechanism is still obscure. They are ubiquitous

and can be found in arthropods, plants, and bacteria as well
as mammals (62). Mammalian lipocalin allergens are carried
by dander, saliva and urine. Allergens of this group consist of
almost all significant inhalant mammalian allergens (mammalian
dander allergens) and are distantly related to cytoplasmic fatty
acid binding proteins. Allergenic representatives are Equus
caballus (Equ ¢) 1 (horse), Canis familiaris (Can f) 1, Can f 2,
Can f 4, and Can f 6 (dog), Felis domesticus (Fel d) 4 and Fel d
7 (cat), and Bos domesticus (Bos d) 2 (cattle). The dog lipocalin
Can f 6 revealed considerable cross-reactivity between dog,
horse, and cat. Further lipocalins have been identified in guinea
pig, hamster, mouse, rat, and rabbit (63).

As such, lipocalins are not highly allergenic which may be due
to the fact that most of their representatives show an amino acid
identity of between 40 and 60% with endogenous human proteins
which inhibits a proper immune recognition. The resemblance
to the “immunological self” is thought of as one of the main
reasons of low grade allergenicity (64) as they are not optimally
recognized by human T cells which may favor the raise of
Th2 responses.

Dog lipocalins bind LPS, thereby enhancing LPS/TLR4-
signaling in for example primary macrophage-like cells (65).

B-lactoglobulin from milk, Bos d 5, is a major cows’ milk
allergen and also belongs to the lipocalin superfamily. It is
known to carry hydrophobic molecules (62). Bos d 5 inserts
into lipid bilayers and its interaction with phosphatidylcholine
protects it from digestion in an in vitro gastroduodenal setting
[reviewed by (22)].

ARTHROPOD ALLERGENS

Mite Protein Groups 2, 5, and 7

The HDM allergens Der p/f 2, Der p/f 5, Der p/f 7, and Der
p/f 21 have lipophilic properties and are able to stimulate the
immune system via mimicry of receptor ligands as shown in
mouse models (15, 32, 66-68). Group 2 mite allergens are able
to bind LPS because of their structural similarity to MD-2 (31).
MD-2 is the component of the TLR4 complex that is responsible
for the LPS-binding (69). Der p 2 drives TLR4 signaling followed
by Th2 inflammation of the airways in wild-type mice but not
TLR4-deficient mice. In this, Der p 2 acts as an autoadjuvans in
the sensitization process (67). (For additional details see section
heading Lipids (and Allergens) and TLR-interaction).

Der p 5 dimer and Der p 7 structures have hydrophobic
cavities that may bind apolar ligands (15, 32). Therefore, it seems
possible or even likely that this lipid-cargo-situation is synergistic
between these allergens from one source in the stimulation of
TLR2 (70). Der p 7 was described to bind polymyxin B, which is a
bacterial lipopeptide that can bind and neutralize LPS. The crystal
structure of Der p 7 reveals homology to the human lipid-binding
protein family including LBP and bactericidal permeability-
increasing protein (BPI) (32). This is interesting in so far as house
dust mites are transporters of bacteria. However, lipid-binding
studies failed to show interaction of Der p 7 to LPS or to distearoyl
phosphatidyl choline (DSPC). A natural ligand for Der p 7 has
not been identified yet (32).
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Cytoplasmic Fatty Acid Binding Proteins

(FABPs)

Mite Protein Group 13

The FABP family consists of small proteins that are usually not
secreted but remain in the cell cytoplasm. They are involved in
the binding and transport of fatty acids in their inner cavity in
vertebrates and invertebrates (71). Phylogenetic analyses revealed
a potential emergence of ancestral FABP genes from lipocalins
(72, 73). FABPs have been identified as allergens in diverse mites
(group 13 allergens). Der p/f 13 has sequence similarities with
FABPs and may reveal innate immune signaling properties via
interaction with mite or microbial lipids (74). In their study,
Satitsuksanoa et al. showed that Der p 13 is able to transport
certain lipids (fatty acids) and that the proteins’ binding to
hydrophobic ligands is selective (70).

Nonetheless, their IgE-binding frequency is considered to be
very low (70). This might be explained by the fact that FABPs
reside inside the mite bodies and are not secreted as feces which
can be more easily inhaled (75).

Nevertheless, it was shown that Der p 13 induced airway
epithelial cell activation through TLR2-MyD88-NF-kappaB and
MAPK-dependent mechanisms (see Figure 1D), however, the
structural integrity of Der p 13 was not required suggesting an
effect of the protein’ s lipid cargo (70). Up to now, only the
tertiary structure of Der f 13—and not of Der p 13—was solved
using nuclear magnetic resonance (see Figure 1A).

Apolipophorin

Mite Protein Group 14

Lipophorins are lipoproteins found in the hemolymph of
most insects. Depending on the insect species they contain
several apoproteins (76). Lipophorin is considered to be part
of lipid bodies and transport particles of the hemolymph.
Apolipophorins are poorly soluble in aqueous extracts.

Der p 14 is an LTP that bears an apolipophorin-like sequence
in its N-terminal domain which shows certain similarity to the
human apolipoprotein B100 and insect apolipophorins. Similar
to other proteins of the apolipoprotein family, the biological
function of Der p 14 seems to be the transport of lipids as it was
mainly found in lipid bodies and lipid transport particles of the
haemolymph in house dust mites (77). In solution, members of
the group 14 HDM allergens have been found to be degraded into
smaller fragments by proteolytic enzymes derived from the mite
itself (e.g., group 1 allergens). However, the resulting peptides
seem to be more potent in IgE-binding compared to the intact
allergen and are able to trigger immune cells of allergic patients
to release IL-4 and I1L-13 (77, 78).

GLYCOLIPIDS: A SPECTRUM OF
FUNCTION BETWEEN ANTIGEN AND
ADJUVANTS

Although lipids are not—like proteins—the primary target
of the players of adaptive immune reactions, there is some
evidence that they play a specific role in the pathomechanism
of allergy by interacting with innate lymphocytes. Here we

focus on the example of lipids bearing the sugar component, so
called glycolipids being recognized by invariant Natural Killer T
cells (iNKT).

Furthermore, since to date, there are no described
glycolipids neither from peanut nor HDM, we discuss
the role of INKT cells in food allergy, based on the few
available examples.

In food allergy, the immune response is evidently biased
toward a phenotype dominated by Th2 cytokines. Why some
food proteins induce this type of response is still a matter of
debate. However, the induction of an allergic phenotype requires
a primary source of IL-4. Together with basophils, iNKT cells
have been identified to be the cells providing the IL-4 that
determines Th2 cell differentiation and IgE production (79) and
were implicated in the induction on several allergic diseases
including asthma (80, 81).

In contrast to conventional protein-reactive T cells, iNKT
cells recognize glycolipids as antigens presented on the
MHC class-I-like molecules of the CD1 family. Asperamide
B, a glycosphingolipid isolated from the ubiquitous fungus
Aspergillus fumigatus, is the only example of a fully chemically-
defined glycolipid able to induce directly allergic inflammation
(independently from allergen), that resulted in airway
hyperreactivity (82).

This fundamental difference and the fact that allergen sources
in general contain glycolipids that can activate iNKT cells has
some implications. For example, in the case of food allergy, a
food-related glycolipid inducing IL-4 production by iNKT cells
can act as an adjuvant able to favor the Th2 cell differentiation.
In addition, while protein food allergen exposure may activate
allergen-specific T cells or mast cells, the responses to exogenous
(and perhaps food-related) glycolipids by iNKT cells allows the
induction of allergic inflammation independently of Th2-type
allergen sensitization. Moreover, the simultaneous activation of
Th2 cells and iNKT cells may result in the amplification of the
allergic reaction.

In a mouse model of nut allergy, the lipid-binding major
allergen Ber e 1 induced specific IgE- and IgG1l-antibodies only
when applied together with neutral or common phospholipids
derived from Brazil nuts. Antibody production was lower in
NKT-deficient mice, suggesting the involvement of iNKT cells to
be essential for the adjuvant activity of nut lipids (44). A recent
study addressing the sensitization to one of the more frequent
plant food allergens in southern Europe, Pru p 3, suggested that
a lipid-ligand isolated from peach peel could act as an adjuvant
for Pru p 3 in vivo, since the co-administration of allergen and
lipid-ligand induced higher levels of IgE than allergen alone,
and this effect seemed to be mediated by CD1d. In addition,
the lipid-ligand was recognized by an iNKT cell line (83). Milk
allergy also has a link to iNKT cell activation. Children with
milk allergy had a reduced number of iNKT cells in peripheral
blood in comparison to children suffering from food allergy
(but not milk allergy) and healthy children. Interestingly, the
remaining iNKT cells had a strong bias toward IL-4 and IL-
13 production in contrast to non-allergic individuals. Further
on, the glycolipid sphingomyelin present in cows” milk was
identified as the responsible agent for the expansion and the IL-4
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production by iNKT cells in children with milk allergy (84). A
later study by the same laboratory showed that children who
received oral immunotherapy (OIT) were shown to experience a
reconstitution of the iNKT numbers and their switch from a Th2
toward a Thl phenotype (85). Using a murine model, Rajavelu
et al. reported that iNKT cells are required for the development
of eosinophilic esophagitis driven by allergy to peanut or
corn, as iNKT-deficient mice were protected. And either
intravenously or intranasal administration of a potent iNKT
cell agonist alone, was able to induce experimental eosinophilic
esophagitis (86).

The few available studies strongly suggest that iNKT
cells and glycolipids present in allergen sources play a
prominent role in the pathogenesis of food allergy. This is an
attractive target for food allergy therapies since interrupting
the activation or effector function of iNKT cells may be
highly effective in the treatment of multiple forms of food
allergy, especially those where the conventional treatments
are insufficient.

As stated above, glycolipids that are presented on CDI1
molecules and recognized by the iNKT cell TCR have a
function as antigens, but there are other lipid classes that can
also activate iNKT cells while functioning as adjuvants upon
stimulation of Toll-like receptors (TLRs) on antigen-presenting
cells, such as DCs. Lipid-recognition through this pathway
modifies the production of cytokines and provokes changes
in the expression pattern and dynamics of CD1 molecules,
hence influencing the presentation of glycolipids as antigens.
In nature, lipids normally form mixed aggregates (micelles)
when they come in contact with aqueous biological solutions,
which is also the base for the formation of membranes and
lipid-protein complexes. Thus, as is the case for the most
sources of allergens, complex biological particles may contain
glycolipid antigens for iNKT cells, physically associated with
protein-allergens as “cargo” (27) and in addition to other TLR
lipid-agonists (i.e., lipopeptides, lipopolysaccharide) (87). The
encounter by DCs of such “lipid-allergen package” at mucosal
surfaces, may deliver signals that differ in time and significance
for allergic responses. For example, the immediate and purely
innate signal mediated by the recognition of TLR lipid-agonists
would provoke the expression of co-stimulatory molecules and
the release of IL-12/IL-18, while also causing the upregulation
of CD1 molecules for glycolipid presentation (88, 89). In turn,
activation of iNKT cells by glycolipid antigens and/or IL-
12/IL-18 would amplify the cytokine response necessary for
the polarization of CD4"-T cells (90, 91) and the further
activation of the DCs (92), providing in this way a bridge
between the innate and adaptive immune response. Finally,
priming via TLRs and cell-to-cell interaction with iNKT cells
results in the maturation of DCs with an increased capacity for
protein-allergen presentation on MHC class-II to conventional
CD4™" -T cells for the purely adaptive response part of the
allergic reaction. A more detailed insight of the molecular
pathways involved in the lipid-TLR-iNKT axis could provide the
base for additional lipid antigen-specific T cell modulation in
allergic responses.

LIPIDS (AND ALLERGENS) AND
TLR-INTERACTION

The TLR2/TLR6 and TLR2/TLR1 heterodimers as well as TLR4
are the only known TLRs that recognize bacteria-derived lipids.
These ligands are lipoproteins (93, 94) and lipopolysaccharides
(95), respectively, and are naturally occurring contaminations of
allergen sources like house dust mite and food. The receptors
are associated with allergy and asthma, but data regarding their
exact role are conflicting. There are several reviews summarizing
association studies that link single nucleotide polymorphisms
in TLR4 or TLR2 with a reduced risk for asthma and other
allergic disorders, while other studies were not able to prove such
a correlation (96-98). Further, in vivo mouse models showed
that TLR2 and TLR4 ligands can lead to either protection or
worsening of allergic symptoms, which is in strict dependency
of the ligand concentration and time of administration (96, 99-
101). Thus, the induction of NF-kB activation and the release of
proinflammatory cytokines before sensitization may lead to an
induction of regulatory responses and a shift from Th2 to Thl
responses, whereas the same cytokines in an already sensitized
and allergic host can lead to an increase of the allergic symptoms.

Lipid recognition through both, TLR2 heterodimers and
TLR4, differs concerning the mechanism of ligand recognition
and the induced signaling cascades. In order to initiate signaling,
TLR2 (93, 94, 102) needs to heterodimerize with either TLR1
or TLR6 (103, 104). The determination of which heterodimer
is engaged is driven by the lipid part of the lipoproteins: in
general, diacylated lipoproteins signal through TLR2/TLR6 (105)
and triacylated lipoproteins signal through TLR2/TLR1 (106).
Despite the differential requirements of TLR1 or TLR6 and
the subsequent formation of distinct TLR2 heterodimers, the
induced signaling of different lipopeptides is rather similar and
dependent on MyD88 (107).

In lipopolysaccharides, the lipid part (ie., lipid A) of the
molecule is the component that drives the innate immune
reaction (108). A prototypical lipid A molecule (e.g., from
Escherichia coli) contains six fatty acids, two of which are
secondary fatty acids on the first hexosamine. The binding of
lipid A to MD-2 leads to a conformational change in MD-2
and the subsequent binding to TLR4 (109, 110). Interestingly,
the number of acyl chains also causes TLR4-dependent species-
specific differences in the immune responses toward lipid A: the
4-fold acylated precursor of lipid A is completely inactive and
can be used as an antagonist in human cells, but is comparably
active in mouse cells (111). The TLR4-mediated signaling is the
most complex of all TLRs since both central adaptor molecules,
MyD88 as well as TRIF, are involved (112-114).

Apart from the signaling pathway induced by the lipid ligands
itself, some allergens can modulate TLR responses by their lipid-
binding character. Herre et al. for example showed that Fel d 1 (an
uteroglobin) and Can f 6 (a lipocalin) enhance ligand-induced
TLR2 and TLR4 signaling, although in contrast to Der p 2, it is
not by mimicking the biological function of MD-2. The authors
hypothesize that both allergens can directly bind lipid ligands of
TLRs and enable a more efficient transfer to cell surfaces (65).
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Further, when respiratory epithelial cells were stimulated with
Der p 13, presumably embedding fatty acids, the production of
IL-8 and GM-CSF was triggered in an TLR2-, MyD88-, MAPK-,
and NF-kB- dependent signaling pathway (70).

LTP IN LIPID-MEDIATED INFLAMMATION

There are not only plant-derived LTP that were shown to
have considerable relevance for allergic inflammation. Several
members of human LTP have a peculiar function in the immune
recognition of lipids and can either enhance or reduce the
immune response in the context of TLR activation. In particular
the human LPS-binding protein (LBP) has been assigned a role
in the development of allergic asthma in this context (115-
117). LBP was found to be expressed not only in the liver,
but also in the lung and the intestine (118-120), supporting
organ specific activity of LBP in regulating immune responses.
Although not established so far, interaction of human LTPs with
hydrophobic allergens or with lipids brought as cargo of lipid-
binding allergens has to be considered and is likely to shape
inflammation and with this also the allergic immune response in
these organs. Insights into the function of lipid-binding allergens
and allergen-lipid transfer proteins in this context are rather
limited so far, but are worth addressing for a better understanding
of allergic inflammation. Mechanistic studies might be inspired
by the knowledge of human LTPs, comprising besides LPS-
binding protein (LBP): the phospholipid transfer protein
(PLTP), cholesteryl ester transfer protein (CETP), bactericidal
permeability-increasing protein (BPI), and the palate, lung, and
nasal epithelium clone proteins (PLUNC, also called BPI-fold
containing proteins, BPIF) (121, 122). Whereas, PLTP and CETP
are involved in the management of endogenous lipids, the major
function of BPI is in the antimicrobial defense of pathogens
by binding of bacterial lipopolysaccharide (LPS) and direct
antimicrobial activity (123), whereas the acute-phase protein
LBP confers LPS-transport to cellular LPS receptors TLR2 and
TLR4 and thereby sensitizes the immune response to minute
amounts of LPS (124). All members of this family have a common
hydrophobic cavity and are combined by structural homology
into the tubular lipid-binding (TULIP) domain superfamily, also
including the house dust mite allergens Der p 7 and Der f 7
(125, 126).

For the human CETP a tunnel mechanism was determined
shuffling molecules of cholesteryl ester through a continuous
tunnel formed by two interconnected hydrophobic pockets (127).
LBP binds the microbial lipid LPS, and di- and triacylated
lipopeptides conferring a transport to cell surface cluster of
differentiation CD14 and subsequent activation of the cellular
receptors TLR4/MD-2 or TLR2 in cooperation with TLR1
or TLR6 (128-130). Studies in LBP-deficient mice strongly
support a role of LBP in the pulmonary immune response
to infections (131, 132). The crystal structures of BPI (133)
and LBP (134) revealed bound phospholipids in hydrophobic
pockets distinct from the LPS binding sites of both proteins.
For LBP, functional interaction with phospholipids has been
shown in the context of phospholipid transport (135, 136).

Moreover, phospholipid binding is of particular interest for the
regulation of LBP immune functions. Inhibitory activity on LPS-
mediated cell activation is reported for anionic phospholipids
(137), surfactant lipids (138-140) and oxidized 1-palmitoyl-
2-arachidonoyl-phosphatidylcholine (0xPAPC) (141, 142). The
strong capacity of anionic lipids to reduce LBP-induced
inflammation could be relevant in the case of plant allergens
carrying phosphatidylglycerol lipids that are common in plant
membranes (143). Recently, we demonstrated that LBP also
interacts with the phospholipid membrane of immune cells.
LBP is abundant on the surface of blood derived monocytes of
healthy donors, and cell-associated LBP was shown to mediate a
transport of LPS to intracellular compartments. Co-localization
and functional studies support an involvement of LBP-mediated
transport of LPS to intracellular caspases and triggering of
inflammasome activation (144). These data demonstrate that
phospholipid binding can interfere with the LPS-transport
function of LBP, inhibit activation of TLR4 or feed LPS to
intracellular receptors.

PLUNC (palate, lung and nasal epithelial clones) proteins
are expressed in all epithelial surfaces of the nasopharynx,
the upper airways, and the lungs (122). Besides indication
for a surfactant function (145), a role of PLUNC proteins
in nasal and pulmonary immune control is supported by
a number of publications showing involvement in chronic
rhinosinusitis (146), in the defense against Klebsiella pneumonia
and Pseudomonas aeruginosa (147, 148). Expression of PLUNC
proteins is upregulated by viral and bacterial infection. However,
the mode of action of PLUNC proteins is not yet well-understood.
The identification of lipid ligands of PLUNC proteins is ongoing
research. In vitro binding assays showed LPS binding for some
PLUNC isoforms isolated from nasal fluids (149). High affinity
binding of PLUNC 1 to DPPC (dipalmitoylphosphatidylcholine)
has been reported, suggesting that the major phospholipid
component of pulmonary surfactant might be an endogenous
ligand (150). Latherin, an allergen from horse sweat and saliva
is a member of the PLUNC protein family and an inducer of
IgE antibodies in horse-allergic subjects (151). The small soluble
protein has an unusual surfactant activity reducing the surface
tension of water that depends on the unfolding of the globular
structure resulting in exposure of hydrophobic protein residues
at the air-water interface (152).

SURFACTANT INTERACTION OF
(AERO)ALLERGENS

Inhaled allergens and allergen-associated lipids will eventually
come in contact with the air-liquid interface of the lungs (153).
The interface is formed by pulmonary surfactant which is
produced and secreted by type-II bronchial epithelial cells and
covers the epithelium of the airway mucosa as a lipid monolayer.
Surfactant consists of a complex mixture of ~90% lipids and
~10% proteins. Phospholipids make about 80-85% of the
surfactant lipid phase with the major phospholipid component
dipalmitoylphosphatidylcholine (DPPC) that accounts for about
50% of the lipid mass in surfactant. Minor surfactant components
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are phosphatidylglycerol (PG) with 7-15% of the lipid mass and
small quantities of phosphatidylinositol (PI), phosphatidylserine
(PS) and phosphatidylethanolamine (PE). The hydrophobic
surfactant proteins (SP), SP-B and SP-C, are closely associated
with the phospholipids in the surfactant film, SP-B being
essentially involved in stabilizing the surfactant structure and
function by creating phospholipid lamellar bodies associated with
the monolayer (154). SP-B deficiency, therefore, is lethal (155).
SP-C also has a stabilizing function for the surfactant film. In
Aspergillus fumigatus-induced allergic airway inflammation the
amounts of SP-B and SP-C were both found to be strongly
reduced by 50% in brochoalveolar lavage fluid (156).

The soluble surfactant proteins SP-A and SP-D are both
centrally involved in the pulmonary immune response, defense
to pathogens and the regulation of cellular immune functions
of the alveolar macrophage (157-159). SP-A and SP-D belong
to the family of collectins. The typical carbohydrate-recognition
domain of these lectins preferentially recognizes carbohydrates
exposed on the surface of pathogens. Recently, a role for SP-
A as a local amplifier of IL-4 mediated type-2 macrophage
activation in the pulmonary immune response has been
discovered in the context of a helminth infection (160). This
finding could have important implications for the regulation of
allergic responses.

SP-A and SP-D interact with a number of allergens and
interfere with the binding of IgE antibodies thus diminishing
mast cell degranulation. Interaction of inhaled allergens from the
house dust mite, namely Der p 1 and Der f 1, with SP-A and SP-
D have been demonstrated in vitro and in vivo. Therefore, both
surfactant proteins were found to bind to dust mite extracts and
purified allergens (161). Interaction of Der p 1 and Der f 1 has
been shown to degrade and inactivate SP-A and SP-D, thereby
interfering with the natural function of the collectins in immune
defense. Proteolytic fragments of SP-A and SP-D resulting from
the proteinase activity of Der p 1 were less effective in binding to
Der p 1, an effect that could account for the allergenicity of these
proteinase mite allergens (162).

Addition of exogenous SP-A and SP-D has been demonstrated
to reduce allergic hypersensitivity. A recombinant fragment of
SP-D (rthSP-D) was recently found to be effective in supressing
basophil activation and histamine release to grass pollen Phleum
pratense Phl p in vitro (163). Activity of SP-A and SP-D is likewise
reported to reduce allergic responses to the fungal pathogen
Aspergillus fumigatus (Asp f). Application of exogenous SP-A, SP-
D, and a recombinant rfhSP-D fragment were found to reduce
Asp f-induced allergic responses in vivo in mice (164). The
structure and composition of pulmonary surfactant is strongly
related to its biophysical function in the lung. Surfactant lipid
composition is strictly regulated immediately after birth to enable
the process of breathing (165). The physical organization of the
monolayer and interconnected bilayer phases is optimized to
allow surface expansion, compression, and reducing the surface
tension. Phase separation of surfactant is observed in natural lung
surfactant induced by the segregation of disordered phases and
ordered phases such as cholesterol-containing domains (166-
168). The phase behavior is important for protein surfactant
interaction, as shown for the hydrophobic SP-B (169). SP-B and

SP-C are both predominantly inserted in fluid disordered-like
domains of surfactant membranes (170).

Changes in lung surfactant composition can have a great
impact on the biophysical surfactant function. Low amounts
of bacterial LPS have been shown to disturb monolayers made
from DPPC or a surfactant-like lipid mixture made from
DPPC, 16:0/18:1 phosphatidylglycerol (POPG), and palmitic
acid. Intercalation of LPS into the monolayer resulted in
fluidization of the lipid phase, promoting early collapse and
preventing the attainment of high surface pressure (171). The
input of LPS carried on many allergens should therefore also
be considered with respect to its effects on the biophysical
surfactant function. Similar effects might be expected upon
inhalation of hydrophobic allergens or lipid-binding allergens,
which will naturally interact with the surfactant lipid phase
due to hydrophobic interaction. An example for direct allergen
surfactant interaction is reported for the aeroallergen Ole e 1
from olive tree (172). The hydrophobic N-glycosylated protein
Ole e 1 showed interfacial absorption at an air-water interface,
leading to an increase in surface pressure. Application of Ole
e 1 to the aqueous phase under DPPC monolayer membranes
led to membrane interaction of the protein resulting in an
increase in surface pressure. These experiments also indicated
a change in the protein orientation or conformation of the
allergen upon membrane insertion, which might induce protein
oligomerization or aggregation. Such structural changes are likely
to affect the allergenic properties. Thus, an increase in IgE-
binding and allergenicity was demonstrated for dimerized birch
pollen allergen Bet v 1 (173). Another interesting aspect of the
study was the observation, that Ole e 1 also interacted with
18:1(A9-cis) phosphatidylcholine (DOPC): sphingomyelin (SM):
cholesterol model membranes, mimicking the plasma membrane
of eukaryotic cells. This interaction was preferentially observed
in liquid-ordered (lo) cholesterol-rich domains, indicating that
membrane interaction should also be considered as a mechanism
to bring hydrophobic allergens in direct contact with epithelial
cells of the alveolar lining via interaction with lipid raft domains.

On the basis of these data, interaction of larger hydrophobic
allergen/lipid aggregates such as oleosins appears to be likely
considering the flexibility and connectivity of the surfactant
phase and should certainly be addressed in future studies. Besides
the impact on the allergic response and inflammatory regulation,
surfactant interaction of lipophilic (aero)allergens leading to
changes of the surfactant phase and organization is likely to
have biophysical consequences that could affect lung function
in general.

POTENTIAL EFFECTS OF
ALLERGEN-LIPID-BINDING ON THE
DEVELOPMENT OF ASTHMA AND
ALLERGY

Up to now, the evidence for an association between single
allergenic molecules and disease development and phenotype is
epidemiological and based on the still incomplete component-
resolved diagnostic tests.
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For years, food storage proteins and their structural
characteristics were in part responsible for the more severe class I
food allergy when compared with the pollen-associated class II
allergy, arguing for the fact that storage proteins are heat and
digestion resistant and therefore are stable enough to induce
severe symptoms.

The more we learn, however, on single allergenic molecules,
the more complex the picture gets, and there is still a growing
body of evidence that indeed single allergenic molecules play an
important role not only in disease development but also in the
shaping of phenotypes.

Via component-allergy diagnostic tests with an increasing
number of single allergens from different food and inhalant
allergen sources investigations on the association between
clinical phenotype and sensitization profile are performed and
have in some cases already resulted in the identification of
potential marker allergens. Some success in this regard has been
achieved for allergens from the protein families described in this
manuscript. Presently, the lipocalins, Can f 1, Can f 2, and Can
f 5 are available for component-resolved diagnostics as species-
specific marker allergens (62). There is an association of lipocalin
sensitization with asthma in children (174-176).

Whereas plant storage proteins can be used as indicators for
severe food allergy, those allergens that cross-react with tree
pollen in general represent sensitization that is only associated
with mild to moderate symptoms. Some examples are already
mentioned here in the context of nut allergy. For peanut allergy,
the storage protein Ara h 2 already has been appointed as marker
allergen for severe reactions. If patients have an anti-Ara h 2-IgE
concentration of >42.2 kU/L, they will develop severe symptoms
in 95% of cases (177). Interestingly, sensitization to peanut
storage proteins only seems to occur if peanut allergy started
in childhood which makes these allergens potential markers for
early onset peanut allergy.

Peanut oleosins were recently shown to be marker allergens
for the severity of the reaction to peanuts as well (13). Different
subgroups of peanut-allergic patients were investigated: 53/74
experienced severe reactions, n = 52 had a genuine peanut
allergy and had IgE to oleosins. Only one individual with
severe reactions was a patient with a pollen-associated peanut
allergy. This patient was anti-oleosin-IgE negative. All those with
mild symptoms were patients with a pollen-associated peanut
allergy (20). The fact that oleosins come along surrounded by
phospholipids directed our research to allergen-lipid-interactions
and its clinical impact.

The only oleosin-IgE-negative patient with shock to peanuts
in our study was Ara h 8-IgE-positive, meaning he had a
pollen-associated peanut allergy, and IgE to all other severity
marker allergens were negative. This observation is supported
by Glaumann et al. who described a shock in a patient who
had consumed 300g of roasted peanuts instead of a proper
meal and only had Ara h 8-specific IgE antibodies (178). It
is known from further examples of Bet v 1-homologs that
these labile allergens, which are easily destroyed by digestion
and thermal processing, may induce severe reactions when
ingested in high concentrations. It is probable that in the case
of Ara h 8 its association with lipids protects the allergen
from immediate destruction after peanut consumption. We

could show some years ago in a time course experiment,
that Ara h 8 is associated with lipids which protected it
for a certain period of time from enzymatic digestion (12)
(see Figure 1B).

Mite allergy is a well-established risk factor for the
development of asthma during childhood, and single mite
allergens have been investigated in detail with regard to their
differential influence in pathogenesis. Coming from the clinical
observation, well-characterized subgroups of patients were tested
for their individual sensitization profile. Investigations on the
sensitization pattern to single HDM allergens, which are basically
epidemiological studies, had revealed that among all those
already purified and structurally characterized mite molecules,
lipophilic allergens show a stronger association with asthma
(6, 7). Recombinant Der p 2, Der p 5, and Der p 7 are significantly
more often recognized by asthmatic patients. rDer p 5 was 3-
times more often recognized by asthmatic children than by
non-asthmatic children, and patients with IgE-reactivity to rDer
p 5 had a probability of 85% of having HDM-asthma (7).
Der p 1 or Der p 23 can predict asthma at school age (179).
Cytoplasmic FABP allergens are restricted to mite bodies and are
not transported via mite feces. Therefore, they are not important
for the induction of lung/bronchial reaction due to their size but
most probably responsible for HDM-induced skin reactions since
they are major allergens for individuals with atopic dermatitis
(180), thereby promoting organ-specificity of single allergens.

However, not only single inhalant allergens reach the
broncho-alveolar cells. This seems to be the case for some food
allergens as well, and not just as “pollen-associated” food allergy.
Several patients with severe peanut allergy describe that they
develop an allergic bronchoconstriction whenever someone in
the same room opens a tin of peanuts (which was one main
reason to forbid peanut snacks on airplanes where allergens were
obviously distributed via air conditioning). Roberts et al. showed
that a subgroup of food allergic children developed asthma
when exposed to the aerosolized form of the food, for example
while it was cooked in their presence. The authors confirmed
that effect via bronchial provocation (181) demonstrating that
foods can behave as aeroallergens. Investigations with a chewing
simulator for food breakdown and flavor compound release
allows deeper insight in the complex processing of food in the
mouth where fluids and gas act together (182). It therefore can be
hypothesized that the act of chewing peanuts drives allergens as
aerosols into the bronchial system. This hypothesis is supported
by the knowledge, that the delivery of the allergens takes place
on the particles, containing allergens, and other chemically
different substances, such as lipids. These particles become
airborne and have a size small enough to reach the lungs (183).
Additionally, such particles will face the milieu of the lungs,
composed not only of immune cells but pulmonary surfactant
as well. In this compartment, allergens/lipids come into contact
with the surfactant-containing air-liquid interface that covers
the epithelium of the airway mucosa underneath (153), as
discussed in detail above [see section Surfactant Interaction of
(Aero)allergens].

Overall, the recent evidence for the induction of pro-
inflammatory responses of skin keratinocytes by peanut lipids
and the facilitation of allergen penetration of the skin barrier
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by lipids, together with other potential lipid-associated transport
mechanisms for allergens across barriers might be an explanation
for a transcutaneous sensitization to peanuts (61).

Single allergens can be used as tools for mechanistic
research to clarify sensitization and allergy elicitation, thereby
allowing for pathomechanistic insights with the consequence
of a development of new therapeutic approaches including the
development of new adjuvants and treatment vectors. Allergens
with lipophilic features are missing in clinically relevant peanut
extracts and most probably are underrepresented in diagnostic
and therapeutic solutions of house dust mites (184), since
isolation and purification methods and strategies are particularly
difficult (4).

As described in more detail in the allergen-section of this
manuscript, the allergen-lipid-interaction of single allergens is
rather different and their effect on several cells in different
compartments diverse. It is plausible that dependent on the mode
of interaction of the different lipophilic allergens with lipids,
these lipids may participate in the pathomechanism of asthma
and allergy by (a) serving as (additional) antigen, (b) adjuvant,
and/or (c) precursor for a Th2-dominated milieu.

Altogether, HDM and peanut allergy appear as good models
not only for studying the effects of allergen-lipid-interactions
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Plant pollen are an important source of antigens that evoke allergic responses.
Protein antigens have been the focus of studies aiming to elucidate the mechanisms
responsible for allergic reactions to pollen. However, proteins are not the sole
active agent present in pollen. It is known that pollen grains contain lipids
essential for its reproduction and bioactive lipid mediators. These small molecular
compounds are co-delivered with the allergens and hence have the potential to
modulate the immune response of subjects by activating their innate immune
cells. Previous reports showed that pollen associated lipid mediators exhibited
neutrophil- and eosinophil-chemotactic activity and induced polarization of dendritic
cells (DCs) toward a Th2-inducing phenotype. In our study we performed chemical
analyses of the pollen associated lipids, that are rapidly released upon hydration. As
main components we have identified different types of phytoprostanes (PhytoPs), and
for the first time phytofurans (PhytoFs), with predominating 16-F+{-PhytoPs (PPF-I),
9-F4t-PhytoPs (PPF4-ll), 16-E4¢-PhytoPs (PPE+-l) and 9-Dq;-PhytoPs (PPE4-Il), and
16(RS)-9-epi-ST-A'4-10-PhytoFs. Interestingly 16-E1;-PhytoP and 9-D1-PhytoPs were
found to be bound to glycerol. Lipid-containing samples (aqueous pollen extract,
APE) induced murine mast cell chemotaxis and IL-6 release, and enhanced their
IgE-dependent degranulation, demonstrating a role for these lipids in the immediate
effector phase of allergic inflammation. Noteworthy, mast cell degranulation seems to
be dependent on glycerol-bound, but not free phytoprostanes. On murine dendritic
cells, APE selectively induced the upregulation of CD1d, likely preparing lipid-antigen
presentation to iINKT cells. Our report contributes to the understanding of the activity of
lipid mediators in the immediate effector phase of allergic reactions but identifies a yet
undescribed pathway for the recognition of pollen-derived glycolipids by iNKT cells.

Keywords: pollen, timothy grass, phytoprostanes, phytofuranes, CD1d molecule, allergic airway inflammation
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INTRODUCTION

Allergic diseases consist of several clinical conditions caused by
hypersensitivity of the immune system to environmental factors
that are normally harmless for most people. The prevalence
of allergic diseases worldwide is rising dramatically in both
developed and developing countries. This increase is especially
problematic in children, who are bearing the greatest burden of
the rising trend which has occurred over the last two decades (1).
Grass pollen are, along with house dust mite, the most common
inhalant allergen sources responsible for IgE-mediated allergies
(2). An allergen is a protein, often glycosylated, that is presented
by dendritic cells and together with additional factors leads to
Th2 polarization and production of IgE antibodies (3). However,
allergens are not delivered to the subject as pure proteins but as
particles composed of various chemically different molecules in
addition to the allergenic protein (4). The pollenkitt, an adhesive
material present on the external layer of pollen grains, is mainly
composed of lipids. These are responsible for reducing water
loss and uptake, serve as reserve during pollen rehydration and
activation of the stigma (5). Presently, the role of the lipids in the
context of allergic inflammation is being increasingly discussed
(6, 7). Lipids can be delivered alone, coming directly from the
allergen source, as many different lipid species in different pollen
samples with the ability to induce regulatory or stimulatory
effects on the immune system, have been reported (8). They can
either originate from microbes colonizing pollen (9) or be pollen-
derived and transported bound to lipophilic allergens (6, 10).

Additionally, pollen grains contain lipid mediators that are
released fast upon hydration, the so-called pollen associated lipid
mediators (PALMs) (11). In the aqueous pollen extract (APE),
containing PALMs hydroxy fatty acids-derivatives of linoleic
acids (HODEs) (7) and phytoprostanes (PhytoPs) of class E;-,
F1-, B1-,and A; (12) were found. Birch and grass pollen activated
and recruited polymorphonuclear granulocytes (PMNs) and
eosinophils. This action was not fully mirrored by HODEs but
rather by molecules structurally related to leukotrienes (LT).
Cell activation was dependent on calcium mobilization and the
upregulation of CD11b (7, 13). Additionally, PALMs were shown
to elicit an effect on the activation and functional maturation of
dendritic cells. In detail, birch pollen-APE selectively inhibited
interleukin (IL)-12 p70 production of lipopolysaccharide (LPS)-
or CD40L-activated DC, whereas IL-6, IL-10, and TNFa
remained unchanged, leading to Th2 polarization. Interestingly
this phenomenon was only dependent on PhytoP-E; and not
PhytoP-F; or PhytoP-B; (12). In in vivo studies in a murine
sensitization model, however, neither PhytoP-E; nor PhytoP-F;
evoked Th2 polarization by DCs (14).

PhytoPs are products of non-enzymatic oxidation of a-
linolenic acid, the most abundant polyunsaturated fatty acids in
plants (15-17). They were first described in 1998 by Mueller and
Parchmann (18) and are known to be biomarkers of oxidative
stress in plants (18). Two nomenclatures have been published
(19, 20). Mueller and co-workers used Rokach nomenclature
and named the phytoprostanes PP type I and type II depending
on the abstraction of hydrogen radical on a-linolenic acid. The
Taber nomenclature was approved by IUPAC (International

Union of Pure and Applied Chemistry) and will be further
used in this manuscript. To avoid any confusion, Mueller
nomenclature will be mentioned in brackets. Further, Jahn et al.
published in 2010a cautionary note on the correct assignment
of all series of PhytoPs (21). In addition, due to isomeric
complexity and chemical instability analytical characterization of
PhytoPs is challenging.

Similarly to the recognition of microbial lipids, pollen-derived
lipids was mediated by CD1-restricted T cells, namely invariant
Natural Killer T (iNKT) cells (22). iNKT cells are a major
population of innate-like T lymphocytes expressing a semi-
invariant T cell receptor composed of a canonical Val4-Jal8
o chain with a variable VB8, —7, or—2 B chain in mice or
Va24-Jal8/VB11 in humans that is specialized for recognition
of glycolipid ligands (23). One of their most important features
is the ability to rapidly release a broad spectrum cytokines (24),
thus they can modulate various immune responses, which is
dependent on the structure of the agonist. The role of iNKT
cells in the context of allergy is still under debate. Scanlon
et al. demonstrated the recruitment of iNKT cells to the airways
in the presence of airborne lipid antigen (25), furthermore
the requirement of iNKT cells for the initiation of airway
inflammation has been demonstrated (26). In contrast, other
reports have postulated only a modulatory role of iNKT cells
in asthma (25). However, a crucial prerequisite for iNKT cell
activation is the expression and modulation of the glycolipid-
presenting molecule CD1d on antigen presenting cells, such as
dendritic cells.

In this work, we aimed to characterize the chemical
composition of the fast-released lipid fraction from Timothy
grass pollen and to investigate their potential contribution to
the effector phase of allergy. We also evaluated whether the
fast-released lipids can modulate the recognition of grass pollen
particle-bound glycolipids through the up-regulation of the
glycolipid-presenting molecule CD1d.

MATERIALS AND METHODS

Preparation of Aqueous Pollen Extract
(APE)

Pollen grains from Timothy grass (Phleum pretense) were
purchased from Greer'™ and kept at —20°C prior use. Aqueous
pollen extract (APE) was obtained according to Traidl-Hoffmann
et al. (7), with some modifications. For chemical analyses,
44mg of grass pollen were extracted with 1ml of water
(concentration of 44 mg/ml) and 30 mg per ml of PBS (for
immunological assays) for 30 min in ultrasonic bath followed
by centrifugation (3,900 x g, at 20°C). The concentration of 30
mg/ml was used as it has been reported that 34 mg/ml of APE
resulted in an average concentration of 3.9 x 10'° mol/L LTBy,
which is known to be the concentration to induce migration
in PMNs (7).

The supernatant containing fast-released lipids was sterile
filtered (0.2 um) and stored at —20°C prior to use.
In order to prepare protein free APE (APEp, k), APE was treated
with Proteinase K (Roche) for 4 h at 56°C.
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Enrichment and Fractionation of Lipids

To enrich fast-released lipids, PALMs, for a better detection in
the analytical measurements, APE was further extracted with
chloroform/methanol/water extraction (27) utilizing Branson
Sonifier 250 for 20min. on ice, Chloroform phase (APEg/p)
containing PALMs was sterile filtrated (0.2 wm), dried and
further fractionated on the silica gel 60 column (10 x 1cm;
0.04-0.063 mm, Merck) with increasing volumes of methanol.
Fractions 3, 4, and 5 (CHCI3/MeOH, 93/7, 90/10 and 80/20,
v/v, respectively) were analyzed in detail utilizing GC/MS
and LC/MS. Additionally, fraction 3 was further separated on
reversed-phase Gilson 712 Gradient HPLC system equipped with
Kromasil 100 C18, 5pum, 250 x 10 mm (MZ-Analysentechnik
GmbK) column with the following separation steps: isocratic
100% MeOH/H,O (1/1, v/v), 30min; isocratic 100% MeOH
30 min.; gradient 100% MeOH - 100% CHCl3/MeOH (7/3, v/v)
30 min; isocratic 100% CHCl3/MeOH (7/3, v/v), 30 min. Flow
rate was 2 ml/min, and the eluting material was detected with
a light scattering Sedex 55 detector (Sedere).

GC/MS Analyses

APEg,p and its fractions were analyzed in GC/MS after different
derivatizations methods. Samples were either hydrolyzed with 2M
HCI/MeOH (1h, 85°C), followed by a peracetylation (10 min.,
85°C) or with 2M NaOH, followed by a methylation with
trimethylsilyldiazomethane (30 min., 22°C) and silylation with
N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) (3h, 65°C).
Additionally, to discriminate artifacts originating from acidic or
alkaline hydrolysis APEg,p was directly methylated (omitting the
hydrolysis step) with trimethylsilyldiazomethane (30 min., 22°C)
and silylated with BSTFA (3 h, 65°C).

GC-MS measurements were performed on Agilent
Technologies 7890A gas chromatograph equipped with a
dimethylpolysiloxane column (Agilent, HP Ultra 1; 12m x
02mm x 0.33um film thickness) and 5975C series MSD
detector with electron impact jonization (EI) mode under
autotune condition at 70 eV. The temperature programme was
70°C for 1.5 min, then 60°C min~! to 110°C and 5°C min~! to
320°C for 10 min.

LC/MS Analyses

Phytoprostanes and phytofuranes profiling was performed using
a micro-HPLC 200 plus (Eksingent Technologies, CA, USA)
coupling with the tandem mass spectrometer Sciex QTRAP
5500 (Sciex Applied Biosystems, ON, Canada). Prior LC-
MS injection, 100 mg of complete Timothy grass pollen was
extracted with a Folch method according to the protocol of
Yonny et al. (28) and Vigor et al. (29). The Timothy grass
pollen extract (TGP), APEg,p and originating from APEg,p
fractions 3, 4, and 5 underwent alkaline hydrolysis (1M KOH,
30 min., 40°C). Such obtained metabolites were concentrated
by performing a solid phase extraction (SPE) step conducted
on weak-anion exchange materials (Oasis MAX; 3 mL, 60 mg
from Waters; Milford, MA, USA). Therewith metabolites were
analyzed by micro-LC-MS/MS. The chromatographic separation
of the phytoprostanoids was performed on a HALO Cig
analytical column (100 x 0.5 mm, 2.7 pum particle size; Eksingent

Technologies, CA, USA) held at 40°C and achieved by a gradient
elution with 0.1% aqueous formic acid (A) and acetonitrile:
methanol (80/20 v/v, B) with 0.1% additional formic acid. The
gradient mode, delivered at 0.0 3mL.min-1, was started with 17%
solvent B held for 1.6 min, increased to 21% solvent B at 2.85 min,
to 25% at 7.27 min, to 28.4% at 8.8 min, to 33.1% at 9.62 min,
to 33.3% at 10.95min, and to 40% at 15min. A maximum of
90% solvent B was reached at 16.47 min, and then returned
to the initial conditions at 19 min. The Sciex QTRAP 5500
mass spectrometer detector operated in electrospray negative
ionization mode. MS detection was performed by MS/MS using
the MRM acquisition mode in a scheduled mode with an
opening window of detection of £ 1 min (2 min in total) for the
expected RT. Quantification of phytoprostanoids was achieved
by the ratio between the peak area of each analyte and that
of the corresponding IS. Data processing was achieved using
MultiQuant 3.0 software (Sciex Applied Biosystems).

Mice

Cdld~/~ mice on a C57BL/6 background were kindly provided
by Prof. Gisa Tiegs (UKE, Hamburg) and C57BL/6 controls were
bred and housed at the Animal Care Facility of the Research
Center Borstel. Mouse care and removal of organs was performed
in accordance with institutional (RCB) guidelines.

ESI MS

Electrospray Ionization Mass Spectrometry (ESI MS) of
APEg /D#3 Was performed in negative ion mode using an amaZon
speed ETD—Instrument (Bruker Daltonics) equipped with ESI
ion source. Sample was dissolved at a concentration of ~10 ng
pwLl—1 in 10 mM ammonium acetate (50/50, v/v) mixture of
chloroform and methanol and sprayed at a flow rate of 3 pL
min—1. Capillary entrance voltage was set to 4.5 kV, and dry gas
temperature to 180°C.

Degranulation of the Murine Mast Cells,

Chemotaxis, and IL-6 Production
Bone marrow-derived mast cells (BMMCs) were generated by
cultivation of bone marrow cells from C57BL/6 mice in the
presence of recombinant murine IL-3 and stem cell factor
(SCF). Cells were maintained in complete medium consisting
of 10% heat-inactivated fetal calf serum (Biochrom), 50 uM B-
mercaptoethanol, 1 mM sodium pyruvate, 2mM L-glutamine,
nonessential amino acids, penicillin, streptomycin (all from
Gibco), and for the first 2 weeks 10 pg/mL ciprofloxacin (Bayer)
or Myco-3 (Applichem A5240) in Iscove’s modified Dulbecco
medium (IMDM) (Gibco) supplemented with 10 ng/mL IL-3
and 10 ng/ml SCF (both from R&D). After 5 weeks of culture,
>95% of the total cells were BMMCs (CD1177 (c-Kit), FceRIa ™),
T1/ST2* and were negative for mycoplasma contamination.
Chemotaxis of BMMCs was measured using a transwell
chamber system by assessing migration through a polycarbonate
filter insert of 8-wm pore size in 24-well-plates (Corning Life
Sciences). BMMCs were preincubated with complete IMDM and
1 ng/ml IL-3 overnight. SCF (10 ng/ml) or APE (1:10 dilution
from the original 30 mg/ml extraction of pollen) in assay buffer
[IMDM with 5% BSA (Sigma)] were loaded into the lower
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chambers in a volume of 600 pl. Cells were washed with assay
buffer and added into the upper chamber (1 x 10° cells/ml
in 100 nl) and incubated at 37°C and 5% CO; for 24 h. After
incubation, cells from lower chambers were collected, washed in
FACS-buffer (2% FCS, 0.1% NaN3, 0.2 mM EDTA in PBS) with
2pg/ml PI (Sigma) and the total cell number was determined
by flow cytometry after addition of AccuCheck Counting beads
(Invitrogen). Dead cells (PI) were excluded from analysis.

To induce degranulation or cytokine production 2 x 10°
cells/ml were cultivated in the presence of 200ng/mL of
dinitrophenyl (DNP)-specific IgE (clone SPE-7) (Sigma) over
night at 37°C and 5% CO,. Cells were washed subsequently and
stimulated either with PMA/Ionomycin (100 ng/mL, 100 nM,
respectively), DNP-HSA as antigen (20 ng/mL, all from Sigma),
APE, APEg/p, 16-Fi-PhytoP (PPF;-I), 9-F;-PhytoP (PPF;-II),
or 9-Dyi-PhytoP (PPE;-II) (20 pg/ml), in round bottom 96-
well-plates for 20 min at 37°C for degranulation measurement.
For IL-6 production cells were cultivated for 24h and culture
supernatants were collected. Degranulation was measured by the
detection of the lysosomal membrane protein CD107a (LAMP-1)
translocation to the cell surface. Cells were stained with anti-
mouse CD107a (clone 1D4B), CD117 (clone 2B8) and FceRIa
(clone MAR-1) (all from BioLegend) and washed with FACS-
buffer containing 2 jug/ml PI. PI-negative cells were analyzed by
flow cytometry.

To analyze IL-6 production, supernatants from stimulated
cells were collected and IL-6 concentration was measured by
specific enzyme-linked immunosorbent assay (ELISA) using
specific antibodies and standard protein from R&D Systems.

Maturation of Dendritic Cells
Bone marrow-derived dendritic cells (BMDCs) were generated
by cultivation of bone marrow progenitor cells from C57BL/6
WT and Cd1d~/~ mice in complete medium consisting of 10%
heat-inactivated fetal calf serum (Biochrom), 1% L-glutamine,
1% penicillin, 1% streptomycin, 0.1% Mercaptoethanol (all from
Gibco) in RPMI (Gibco) supplemented with 200 ng/ml GM-CSF
(PeproTech). After 7 days of culture, BMDCs were harvested.
For stimulation BMDCs (2 x 10°) from WT and cd1d~/~
were cultivated in the presence of either APE (1:10 dilution
originating from 30 mg/ml of pollen) or 100 ng/ml of highly
purified and lipopeptide-free S. friedenau LPS (kindly provided
by Prof. Helmut Brade, Research Center Borstel, Germany)
in round bottom 96-well-plates for 24h at 37°C in 5% CO;.
Maturation was assessed by the surface up-regulation of CD40,
CD80, MHC class-II, and CD1d. Cells were labeled with anti-
mouse CD80 (clone 16-10A1), CD1d (clone 1B1), CD40 (clone
3/23), CD11c (clone N418), MHC class-II (clone M5114.15.2)
and washed in FACS-buffer containing 2 jug/ml PI. PI-negative
cells were analyzed by flow cytometry.

Flow Cytometry

Samples for flow cytometry were acquired either on a
FACScalibur, a LSR-II (BD Biosciences) or a MACSQuant 10
(Miltenyi Biotec). The generated data were analyzed using the
FlowJo cell analysis software (Flow]Jo, LLC).

Statistical Analyses

Data are presented as mean values = SD. Nonparametric one-
way ANOVA and post tests were performed using GraphPad
Prism version 5 software. A p-value of < 0.05 was considered as
statistically significant.

RESULTS

Lipid Mediators of APE Are

Phytoprostanes and Phytofuranes

APE was obtained from complete pollen grains of Timothy
grass with the yield of 30%. Since such water extract contains
apart of fast-released lipids also proteins, lipids were further
enriched utilizing chloroform/methanol extraction, yielding
APEg,p (0.44% to APE). Qualitative GC/MS analyses of APEg,p
revealed the presence of different PhytoPs depending on the used
derivatization protocol. In the samples after solvolysis (acidic
hydrolysis) we have detected 16-A;-PhytoP (PPA;-I) and 9-J;¢-
PhytoP (PPA,-1I), after alkaline hydrolysis 16-B;¢-PhytoP (PPB;-
I) and 9-Ly¢-PhytoP (PPB;-II) and in preparations without any
hydrolysis 16-E;¢-PhytoP (PPE;-I) and 9-D;-PhytoP (PPE,-II),
not in a free form, but bound to glycerol (Gro). Since it is known
that 16-E;-PhytoP (PPE;-I) undergoes a dehydration t016-Aj-
PhytoP (PPA;-I) and 16-By;-PhytoP (PPB, -I); and 9-D;-PhytoP
(PPE;-1I) to 9-J;¢-PhytoP (PPA;-II) and 9-L;i-PhytoP (PPB,-II),
we speculated that these species originated from16-E;;-PhytoP
(PPE, -I) and 9-Dy;-PhytoP (PPE, -II).

Fractionation on silica column yielded 7 fractions, but only
in 3 of them, namely fraction 3, 4, and 5 we have detected lipid
mediators. A major compound of fraction 3 analyzed after acidic
hydrolysis was 16-A¢-PhytoP (PPA;-I) and 9-J;¢-PhytoP (PPA;-
IT). After alkaline hydrolysis fraction 3 and 4 (0.028 and 0.048%
to APE, respectively) contained 16-B;¢-PhytoP (PPB;-I) and 9-
L;¢-PhytoP (PPB,-II), whereas fraction 5 (0.12% to APE) 16-
F1¢-PhytoP (PPF;-I) and 9-F;-PhytoP (PPF;-II). Other detected
compounds in various fractions were alkenes, alkanes, free fatty
acids, di- and tri-hydroxy fatty acids.

Qualitative and quantitative LC/MS analysis of APE revealed
the presence of PhytoPs from Fji-, By-, Lyt-, Dyi-series but
also PhytoFs detected for the first time in pollen extracts,
that would be considered to be new metabolites due to their
recent discovery in nuts, seed, melon leaves or macroalgae (30).
Importantly, the amounts of PhytoPs and PhytoFs detected
in APE were comparable to those present in whole grass
pollen (Figure 1A). We have enriched the lipid fraction of
APE performing Bligh/Dyer (APEg/p) extraction that led to the
increase in detected lipids in factor of around 100 (Figure 1B).
For a quantitative point of view, ent-16-Bj-PhytoP (PPB;-I)
constituted the most abundant with a yield of 730 j1g/g of pollen,
while the lowest content was 55ug/g of ent-16-F;-PhytoP
(PPE;-I). The content of PhytoFs reached values of 448, 155, and
90 ug/g for ent-16(RS)-9-epi-ST-A'*-10-PhytoF ent-16(RS)-13-
epi-ST-A'*-9-PhytoF and ent-9(RS)-12-epi-ST-A'°-13-PhytoF,
respectively. The separation of APEg,p on silica gel produced 3
fractions that presented specific profiles in terms of quality and
quantity. Indeed, compared to APEg,p deprived of PhytoPs from
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FIGURE 1 | Content of phytoprostanoids in Timothy grass pollen (TGP) and aqueous pollen extract (APE) (A), and in the lipid-enriched APEg p extract and fractions
3, 4, 5 obtained after silica gel fractionation of APEg p (B) measured in LC/MS method. The content is given as mg/g of the sample. Quantification was achieved by
the ratio between the peak area of each analyte and that of the corresponding internal standard.

A-serie, sub-fractions contained large amounts of 16-A;¢-phytoP,
ranging from 293 to 793 ug/g. In contrast, ent-16(RS)-13-epi-
ST-A'-9-PhytoF and ent-9(RS)-12-epi-ST-A'°-13-PhytoF have
been identified only in APEg,p. If we compare the 3 sub-fractions

to each other, the purification process allowed the concentration
of 16-Aj-PhytoP in fraction 3, while faction 4 concentrated
in particular ent-16-epi-16-Fi-phytoP, 9-Fi¢-phytoP and ent-
16(RS)-9-epi-ST-A'4-10-PhytoF.
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16-E1¢-PhytoP (PPE;-1) and 9-D4;-PhytoP
(PPE4-1l) Are Bound to Glycerol

GC/MS analysis of APEg,p performed without any hydrolysis
provided evidence that 16-E;-PhytoP (PPE;-I) and 9-Dj-
PhytoP (PPE,;-II) are present not in a free form but bound to
Gro. To further prove this, we run ESI MS analysis of fraction 3,
and indeed the highest molecular ion 459.29 m/z corresponded
to Gro-PhytoP-E,; (Figure 2). As in GC/MS we have found both
stereoisomers of PhytoP-E;, namely 16-E;;-PhytoP and 9-Dj;-
PhytoP, both of them can be present in APE bound to Gro.
We attempted to enrich this compound, and purified fraction
3 further on HPLC. This led to the isolation of Gro-16-E;;-
PhytoP and Gro-9-Di¢-PhytoP as determined by GC/MS (data
not shown).

APE Recruits Mast Cells, Induces Their

Activation, and Enhances Degranulation

Mast cells (MCs) are well-recognized as essential effector
cells during allergic reactions, where their recruitment to
the site of insult is critical (31). Hence, we were curious
whether APE would induce chemotaxis of mast cells and
influence their activation. BMMCs strongly migrated toward
APE (Figure 3A), indicating the presence of chemotactic to
mast cells compounds. This effect was even stronger than that
of SCE a known chemotactic factor for mast cells. MCs exert
major effector functions by rapid degranulation and release of a
wide range of mediators upon IgE-mediated FceR crosslinking.
BMMCs were treated with APE alone or during the induction
of degranulation by sensitization with dinitrophenol (DNP)-
specific IgE (IgE) followed by incubation with DNP-human
albumin (Ag). Importantly, APE led to BMMCs degranulation
in an IgE/Ag independent manner (Figure 3B) and significantly
increased IgE-mediated degranulation of BMMCs. The same

results we have obtained for protein-free APE (APEpyok)
(not shown). Functionally, APE induced production of IL-
6 (Figure 3C) in unsensitized BMMCs and enhanced IL-6
production in cells stimulated with IgE/Ag, overall indicating that
APE has a capacity to recruit mast cells, activate them and induce
their degranulation.

APE Selectively Induces CD1d

Upregulation on Dendritic Cells

Expression of co-stimulatory molecules on dendritic cells
influence further antigen recognition and polarization of T cells.
To gain more understanding on the mechanisms how APE
modulates immune responses and to evaluate whether APE
could generally regulate recognition of other lipid classes such
as glycolipids, we analyzed changes in the expression of CD1d on
BMDCs in response to treatment with APE. Cd1d~/~ BMDCs
were used to rule out non-specific CDI1d staining. Surface
expression of CD1d on BMDC was significantly increased in
APE stimulated BMDC:s (Figure 4A). Contrary to LPS, known to
induce expression of CD40, CD80, and MHC-class II, APE had
no influence on the expression of these co-stimulatory molecules
(Figures 4B-D).

Glycerol-Bound PhytoPs Mirror the Effect
of APE on the BMMC Degranulation

Previous reports questioned the role of PhytoP in Th2 polarizing
capacity of APE (14). Since our chemical analyses revealed that
PhytoP in grass pollen are mainly present in a bound and
not free form, we were prompted to test, whether the effect
of APE on the IgE/Ag dependent degranulation of BMMCs
would be reproduced by free or isolated by us fractions enriched
with 16-E;¢-PhytoP and 9-Dj-PhytoP. BMBCs were sensitized
with IgE specific for DNP-human albumin (IgE) followed by
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FIGURE 3 | APE induces BMMC chemotaxis, IL-6 production and enhances IgE/Ag-mediated effects. (A) BMMCs migrated through the polycarbonate filters toward
APE. Assay buffer was used a negative control (marked as untreated), SCF was used as positive control. (B) APE induces IL-6 release in unsensitized BMMCs and
enhances its production upon stimulation with IgE/Ag. BMMCs generated from C57BL6 mice were left untreated, stimulated with APE, DNP-HSA with or without
IgE-sensitization. PMA and lonomycin were used as positive control. IL-6 release into the supernatant was measured by ELISA. Data from two independent
experiments (n = 5-6) are shown. (C) Incubation with APE induces BMMC degranulation (in average 6%) in IgE/Ag-independent manner and strongly enhance
IgE/Ag-induced degranulation measured by CD107a translocation to plasma membrane. Incubation of BMMCs only in the presence of IgE was used as negative
control and stimulation with PMA/lonomycin was used as positive control. Cells were stained for CD117, FceRla and CD107a expression, and acquired on a BD
FACScalibur flow cytometer. Bullet points represent the frequencies of FceRlaT™CD117TCD107at (degranulated) BMMCs. Representative density plots (C, down)
show how each of the treatments influence the degree of mast cell degranulation. Depicted are results out of 3 experiments generated from independent BMMC
cultures (n = 9). Means £ SD are shown as lines. Statistical significance was calculated using the 1-way ANOVA analysis followed by Bonferroni’s post-test for
selected pairs of columns (IgE+Ag vs. IgE+Ag+APE).

incubation with DNP-human albumin (Ag) and co-incubated ~ APEp,ps3 (possessing as major compounds 16-E;¢-PhytoP, PPE; -
either with synthetic free PhytoP (16-Fyi-PhytoP (PPF;-I), 9- I and 9-Dy-PhytoP, PPE;-II). Importantly, only APE, APEg p,
F1¢-PhytoP (PPF;-II), 9-D1¢-PhytoP (PPE;-1II), or APE, APEg/p,  APEp,ps3 and not free PhytoP led to increased IgE/Ag dependent
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Statistical significance was calculated using the 1-way ANOVA analysis followed by Bonferroni’s Multiple Comparison post-test.

degranulation of BMMCs, indicating that biological activity of
APE might be mediated by bound-PhytoP (Figure 5). The effect
observed for APEg,p was statistically significant.

DISCUSSION

It has been demonstrated that pollen in addition to liberating
protein allergens rapidly release various bioactive lipids into the
aqueous phase (32, 33). These pollen-associated lipid mediators
(PALMs) were shown to stimulate and recruit cells of the innate
immune system, such as neutrophils (7) and eosinophils (13).
Furthermore, PALMs influenced the activation and functional
maturation of human DCs toward a Th2 type (12). APE, the
protein-free fraction of ragweed pollen extracts (Amb-APE), and
the pollen-derived PhytoP-E; were shown to be responsible for B-
cell-dependent aggravation of IgE-mediated allergies (34). In this
report the stereoisomer of PhytoP-E; was not further specified.
LC/MS analysis of APE and APEg/p revealed that the content
of phytoprostanoids (jLg/g) was enriched in APEg,p by a factor
of 100. In comparison with the previous reports (12) we have
determined specifically the stereoisomers of PhytoP found in

grass pollen, e.g., 16-Ej;-PhytoP and to our knowledge for
the first time reported the presence of PhytoF. PhytoFs are
tetrahydrofuran ring containing compounds created as PhytoP
from o-linolenic acid (ALA,18:3 n-3) and are proposed to be
indicators of oxidative stress in plants, similarly to PhytoPs (30).
Since the content of PhytoF was even higher than those of PhytoP
it would be interesting to evaluate the role of synthetic PhytoF in
the context of allergy.

Our analyses did not show any presence of hydroxy fatty
acids-derivatives of linoleic acids (HODEs) in Timothy grass
pollen contrary to work of Traidl-Hoffmann et al. (7). Along
with the work of Imbusch and Mueller indicating that levels
of esterified PhytoP-F; and PhytoP-E; were one to two orders
of magnitude higher than those of free PhytoPs (35) we have
found that 16-E;;-PhytoP (PPE;-I) and 9-D,-PhytoP (PPE;-
II) were bound to glycerol. Since we did not detect any 16-
Fj¢-PhytoP (PPF;-I) and 9-F;(-PhytoP (PPF;-II) in the sample
without hydrolysis, and in the samples after hydrolysis first after
a fractionation step, we speculate that these PhytoP species are
also esterified, having a molecular weight too high for the limit
detection in GC/MS.
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FIGURE 5 | Glycerol-bound phytoprostanes are responsible for the
enhancement of MC degranulation. APEg p (containing enriched
Gro-phytoprostanes) and enriched Gro-16E4t-PhytoP/Gro-9-D1;-PhytoP
(APEg,ps3) fraction but not free PhytoP led to enhanced IgE/Ag-induced
degranulation of BMMCs as measured by CD107a translocation to plasma
membrane. Negative control BMMCs were left unstimulated (marked as
untreated) and positive control BMMC were activated with PMA and
lonomycin. Cells were stained for CD117 and CD107a and acquired on a
MACSQuant10 flow cytometer. Box & whiskers plots represent the
frequencies of degranulated (CD107a™) BMMCs (CD1177 events). Graph
shows combined results out of 2 experiments generated from independent
BMMC cultures (n = 6). Means + SD are shown as lines. Statistical
significance was calculated by One-way ANOVA followed by Dunnett’s
multiple comparison post-test to a control group (IgE+Ag).

Definitively the method of choice for the detailed qualitative
and quantitative analyses of prostanoids is LC/MS. This is a very
sensitive method and due to application of internal standards
(synthetic neuroprostane (36)) the identification of different
isomers is achieved. The limitation of LC/MS is the detection
of artifacts originating from products of alkaline hydrolysis and
incapability of measuring bound (esterified) molecules.

The disadvantage of GC/MS is the requirement of a
derivatizing process and the inability to separate isomeric
compounds with the same molecular weight. Fortunately, we
have succeeded in performing GC/MS analyses on the sample
without hydrolysis and by doing so detected 16-E;i-PhytoP
(PPE;-I) and 9-D;-PhytoP (PPE;-II) bound to glycerol. This
finding we have reproduced in ESI MS experiment of fraction 3.
Thus, the combination of the analytical protocols is of great value
to understand the chemical content of biological samples. The
fact that 16-E-PhytoP (PPE;-I) and 9-D;-PhytoP (PPE;-II) (we
speculate that this is also the case for 16-F;;-PhytoP (PPF;-I)
and 9-Fi¢-PhytoP (PPF;-II)) is not present in free but bound
form, may explain why E; - and F;-PhytoPs did not display Th2-
polarizing capacities in vivo (14) as has been shown in in vitro
studies (12). Our results showing that APE, APEg,p, APEp/p#3
and not free PhytoP led to an increased IgE/Ag dependent
degranulation of BMMCs support this hypothesis. It is also
tempting to speculate that PhytoFs, found for the first time in
grass pollen may be another important player in APE.

Mast cells are strategically located at sites that are continuously
exposed to the environment, such as mucosal surfaces, and
together with their immediate effector activity, they are

considered as sentinels of the immune system. In line with this
concept, the notion that lipid mediators are immediately released
upon contact with the mucosal surfaces, they potentially recruit
or induce an accumulation of mast cells to the site of release as
evidenced by their recruitment by PALMs. Mast cells are thus
the third type of effector cells of allergic reaction, along with
neutrophils and eosinophils to which PALMs of pollen grass act
chemotactic (7, 13).

In addition, dendritic cells would be in turn also recruited
and activated by PALMs. During the process of maturation,
dendritic cells migrate to the regional lymph node and
prepare for antigen presentation. Interestingly, PALMs induced
a selective upregulation of CD1d, probably by activation through
PPARy ligation (37, 38), which could indicate that PALMs
induces a maturation program that prepares DCs for glycolipid
presentation of potential glycolipid ligands co-delivered with
PALMs to mucosal surfaces. Further analyses are required to
assess the relevance and significance of this pathway for the
process of allergic reactions.

This is the first report evidencing PALMs induced
upregulation of CD1d. The work of Abds-Gracia et al. (38)
demonstrated that the exposure to total lipid extract but not
APE of olive pollen to DCs upregulated Cdld expression
that led to the activation of invariant Natural Killer cells
(iNKT). Interestingly, this phenomenon was in accordance
with our results not linked to the increased expression of other
maturation markers, such as CD80 and CD86.

In summary, our work clearly presented that the chemical
composition of fast-released lipids in grass pollen is much
more complex than evidenced before. Moreover, the function
of molecules originating from heterogenous biological systems,
such as sources of allergens, has to be synchronized with the
knowledge of detailed chemical structure. Functionally, with
our work and others, it became clear that PALMs contribute
to the initiation and effector phase of allergy, having the
capacity to attract/activate major players of allergic inflammation
(neutrophils, eosinophils, mast cells). We have additionally
evidenced that PALMs may prime the immune system for further
recognition of glycolipids by NKT cells through the promotion of
the expression of CD1d molecules.
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Mast cells (MCs) have long been mainly regarded as effector cells in IgE-associated
allergic disorders with potential immunoregulatory roles. Located close to the allergen
entry sites in the skin and mucosa, MCs can capture foreign substances such as
allergens, toxins, or noxious substances and are exposed to the danger signals produced
by epithelial cells. MC reactivity shaped by tissue-specific factors is crucial for allergic
responses ranging from local skin reactions to anaphylactic shock. Development of Th2
response leading to allergen-specific IgE production is a prerequisite for MC sensitization
and induction of FceRI-mediated MC degranulation. Up to now, IgE production has
been mainly associated with proteins, whereas lipids present in plant pollen grains,
mite fecal particles, insect venoms, or food have been largely overlooked regarding
their immunostimulatory and immunomodulatory properties. Recent studies, however,
have now demonstrated that lipids affect the sensitization process by modulating innate
immune responses of epithelial cells, dendritic cells, and NK-T cells and thus crucially
contribute to the outcome of sensitization. Whether and how lipids affect also MC effector
functions in allergic reactions has not yet been fully clarified. Here, we discuss how
lipids can affect MC responses in the context of allergic inflammation. Direct effects
of immunomodulatory lipids on MC degranulation, changes in local lipid composition
induced by allergens themselves and changes in lipid transport affecting MC reactivity are
possible mechanisms by which the function of MC might be modulated.

Keywords: mast cells, degranulation, allergy, lipids, lipid mediators, flippases, floppases, scramblases

INTRODUCTION

Mast cells are long-living tissue-resident hematopoietic cells equipped with secretory granules
containing a broad spectrum of biologically active mediators such as histamine, proteases, and
cytokines (1, 2). Preferentially located in the skin and mucosa, MCs detect potentially dangerous or
noxious substances in concert with danger signals produced by epithelial cells at damaged barriers.
Extensive MC degranulation as an urgent response to different types of stimulation and its wide-
ranging local or systemic effects are the reasons why MCs are the main effector cells in allergies (3).
Here, we summarize recent findings describing how reactivity of MCs can be modulated by lipids
and discuss how interference with intracellular lipid transport could affect MC reactivity.
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Lipids Modulate Mast Cells Reactivity

LIPID STRUCTURE AND MOLECULAR
FEATURES

Lipids are overall hydrophobic or amphipathic molecules
consisting of a hydrophilic head group and a hydrophobic tail
group connected either by esters or ether bonds. Other lipids
like sterols consist of a ring structure with various modifications.
Lipids, in contrast to proteins and nucleic acids, are synthesized
by a series of specific interlinked enzymatic reactions generating
a high diversity of different lipid molecules. According to
their hydrophobic characteristics and chemically functional
backbones, lipids are categorized into eight main groups, namely
fatty acyls, glycerolipids, glycerophospholipids, sphingolipids,
sterol lipids, prenol lipids, saccharolipids, and polyketides (http://
www.lipidmaps.org). Lipids are essential in storage of energy,
arrangement of signaling complexes, participation in signal
processing as second messengers and building of membranes as
physical barriers. Membranes in mammalian cells consist mainly
of sphingolipids, glycerophospholipids, and cholesterol (4). They
are fluidic bilayers characterized by different lipid compositions
in their inner and outer sides where lipids together with
proteins form highly ordered structures essential for organization
of cellular compartments. An integral part of membranes is
cholesterol. It is synthesized in the endoplasmic reticulum (ER),
transported then to the Golgi complex, and further to the plasma
membrane which shows the highest cholesterol concentration.
Together with sphingolipids, cholesterol regulates the membrane
permeability and facilitates organization of ordered protein islets.
Glycerophospholipids and sphingolipids are also synthesized in
the ER and further modified in the Golgi complex as well as the
mitochondria (5-7). The lysosome, on the other hand, plays a
crucial role in lipid sorting and metabolism (8). Enzymatically
induced changes in the lipid composition of the membrane are
associated with a new ordering of membrane proteins and altered
membrane microdomains (9). In general, any change in the lipid
or protein compartment of a membrane affects both partners
and is therefore tightly controlled by the cell. MCs in particular
undergo dramatic membrane reorganization while degranulation
and recovery. The schematic structure of the different lipid
categories and exemplary representatives of these categories with
effects on MC functions are summarized in Table 1.

PRODUCTION OF LIPID MEDIATORS IS
ASSOCIATED WITH CHANGES IN MAST
CELL REACTIVITY

Activated in settings of allergic responses, mainly through
stimulation of the high affinity receptor FceRI complex
by IgE-recognizing specific antigens, MCs release pre-stored
biogenic amines, proteases, proteoglycans, chemokines as well
as cytokines. In addition, MCs are well-known producers
of different lipid mediators such as leukotrienes (LT) and
prostaglandins (PG) (14, 20, 35) and production of these lipid
mediators has in turn been shown to regulate MC functions.
For example, MC-produced lipid mediators have been found
to enhance inflammation in specific situations (36, 37) or

to limit inflammation in other circumstances associated with
reestablishment of tissue homeostasis (38, 39). Recent studies also
demonstrated that enzymes responsible for production of lipid
mediators belong to the MC-specific gene expression signature
(40). Furthermore, in vitro generated connective tissue-like MCs
and mucosal-like MCs differ in their eicosanoid patterns (41)
and skin MCs are unique in showing the lowest expression
levels of Alox5 gene encoding 5-lipoxygenase (40), indicating
that lipid mediator production is coordinated by tissue-specific
regulatory mechanisms. Production of eicosanoid mediators,
sphingolipid metabolites, and platelet-activating factor (PAF) by
MCs is extensively reviewed elsewhere (15, 42). Thus, during
allergic responses, MCs produce a variety of lipid mediators
acting in a paracrine and autocrine manner. In addition, MC
reactivity is modulated by lipid mediators produced by other cells
exposed to environmental challenges.

ENDOCANNABINOIDS AFFECT MAST
CELL REACTIVITY

Often overlooked regarding their modulatory effects on MC
function are endocannabinoids-a group of bioactive lipids
serving as secondary immune modulators participating in
down-regulation of inflammatory processes (17, 43). The best
characterized members of endocannabinoid lipid mediators
are N-arachidonoylethanolamine (anandamide, AEA) and 2-
arachidonoylglycerol (2-AG) (44, 45), which are derived from
membrane phospholipids in response to physiological or
pathological stimuli. Furthermore, new signaling mechanisms
for intracellular transport and storage of endocannabinoids
have been described (46-49). Endocannabinoids act through
type-1 (CB1) and type-2 (CB2) G protein-coupled cannabinoid
receptors, G protein-coupled receptor GPR55, transient receptor
potential channel of the vanilloid subfamily 1 (TRPV1), and
peroxisome proliferator-activated receptor y (PPAR y) (50). CB1
and CB2 are expressed on MCs (51) and initiate a series of
signal transduction events that converge at the transcriptional
level to regulate cell migration and production of cytokines
and chemokines (52, 53). Acting in concert with GPR55, CB2
mediates signals inhibiting MC degranulation and cytokine
synthesis (54). Described anti-fibrotic effects of cannabinoid
receptors in different MC-related disease models (55, 56) together
with the recently deciphered crystal structure of CB1 and
CB2 (57, 58) will allow development of selective agonists
and their implementation in novel therapeutic concepts for
allergic diseases.

ALLERGY-ASSOCIATED
IMMUNOMODULATORY LIPIDS ACT ON
MAST CELLS

One would expect that allergen-associated lipids of plants or
bacterial origin preferentially affect epithelial cells. Interaction
of lipids with MCs might rather be possible in tissues with a
damaged barrier (mainly by proteolytic activity of allergens)
or indirectly in individuals showing previous sensitization
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TABLE 1 | Lipid categories and examples of lipids affecting MC reactivity.

Lipid category Schematic structure Examples of lipids with References
effects on MC reactivity

Fatty acyls Fatty acids, Omega 3, and 6 (10-13)
= = — Sii polyunsaturated fatty acids
a-Linolenic acid PG, TX, LT, LX (14-16)
AEA (17)
Glycerolipids /\A/\Nvl 2-AG (17)

Triglyceride

Glycerophospholipids PC, PE, PI, PS, PAF (18-20)
Sphingolipids Ceramide 21)
C1R, S1P (22, 23)
Sterol lipids Cholesterol (24-27)
Steroids (@8)
Vitamin D3 (29, 30)
Prenol lipids Carotenoids (11)
Vitamin E 31)
Saccharolipds —s . LPS (32, 33)
wo ° o=l’ o I
w5l ug ol 67T Nou
Lipid A -disaccharide-1-phosphate
o
Polyketides Antibiotics (34)
Flavonoides (11)

v on
Griseorhodin A

http://www.lipidmaps.org is a source for structure of lipids. TX, thromboxane; Pl, phosphatidylinositol.
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and presence of specific IgE and active transport of IgE-
antigen complexes containing lipids. MCs are regulated by
lipids associated with different allergens, as extensively reviewed
elsewhere (59, 60). Interestingly, epithelial cells from healthy
donors sense allergens differently than epithelial cells from
allergic patients (61). Therefore, enhanced reactivity of MCs
could be the result of a combined action of allergen-lipid
complexes and pro-allergic inflammatory mediators produced
by epithelial cells (Figure 1). Degranulation of human lung
MCs has been shown to be inhibited in coculture with
bronchial epithelial cells (62), substantiating the hypothesis
that epithelial cells can provide the inhibitory signals to
MCs as well. Attractive candidates potentially limiting MC-
reactivity are specialized pro-resolving mediators (SPMs) crucial
for the resolution of inflammatory processes (63, 64). Four
classes of SPMs have been characterized so far. Lipoxins
(LX) are biosynthetic products of arachidonic acid. Resolvins,
protectins, and maresins are products of eicosapentaenoic acid
(EPA), docosapentaenoic acid (n-3DPA) or docosahexaenoic
acid (DHA) (64). The epithelial cell-derived resolvins D1, D2,
and lipoxin A4 have been found to suppress IgE-mediated
histamine release from MCs via G-protein-coupled receptors
(65). Furthermore, airway inflammation, mucus production, and
airway hyperresponsiveness in vivo as well as MC degranulation
and cytokine release were decreased by lipoxin B4 application
(16), indicating therapeutic potential of pro-resolving lipid
mediators in regulation of MC reactivity. Whether SPMs could
be produced by MCs themselves, is unknown.

One major class of allergen-containing particles represent
plant pollens, where pollen grains are coated with different lipids

allergens and associated lipids

'('U;

eplthehal cells

allergens lipid mediators

¢ affecting MC reactivity

4

1 :{
lipid-*

,;.
™~

modifying
allergens
== |ipid mediators,
histamine,
proteases
/ production of \
sk cytokines &
MC reactivity § chemokines  MC reactivity

MC degranulation l
MC degranulation 4

FIGURE 1 | Modulation of MC reactivity by allergen-associated lipids and lipid
mediators.

essential for plant fertilization (66). By interacting with immune
cells and epithelial cells, pollen lipids may play an important
role in immunoregulation. Two classes of pollen-associated lipid
mediators (PALMs) have been described so far, namely LTB4-like
mediators, which are monoxydroxylated derivatives of linoleic
acid, and phytoprostanes generated from o-linolenic acid in
response to oxidative stress (67). Effects of PALMs on MC
degranulation have been reported for aqueous pollen extracts
(APE) derived from birch pollen and for APE from Ambrosia
artemisiifolia (68). Here, degranulation was induced in skin MCs
of C57BL/6 mice by intradermal injection of APE in the absence
of specific IgE. It is not known whether MC degranulation can
be induced by APE themselves in the presence of an intact skin
barrier. In experiments with RBL cells, it has been shown that
Ambrosia pollen extract induces histamine release by a ROS-
dependent mechanisms, but not f-hexosaminidase release (69).
In experiments with mountain ceder (Juniperus ashei) pollen
extract, release of both serotonin and B-hexosaminidase was
induced in RBL cells in an IgE-independent, but ROS-dependent
manner. Added to suboptimal IgE/AG concentrations, pollen
extracts enhanced degranulation of RBL cells (70), although
lipid components in particular extracts were not analyzed.
Interestingly, persistent contact with grass pollen in early
childhood has been found to represent one of various allergy-
protective factors (71). However, whether lipids are essential for
tolerance induction and whether MCs are directly involved in
tolerance development remains to be investigated.

ALLERGENS INDUCE CHANGES IN MAST
CELL LIPID COMPOSITION

Interaction of honeybee venom phospholipase A2 (PLA2)
with membrane lipids is an example how allergen-induced
modification of lipids could tune MC reactivity. Insect venom,
particularly Hymenoptera venoms, induces a pronounced Th2
response by coopting evolutionary conserved immunological
and neurological mechanisms (3, 72). A mixture of different
substances, including enzymes, toxic peptides, lipids, and
biogenic amines, is transported into the skin by the insect
sting and induces a local inflammatory reaction, leading to
sensitization and IgE production. Phospholipase A2 is one of
the two major honeybee (Apis mellifera) venom allergens (73,
74). Cleaving cell membrane phosphodiacylglycerides, PLA2
induces the release of lysophospholipids, particularly lysopho
sphatidylcholine (LPC), together with fatty acids. This local
lipid remodeling can affect MC reactivity per se and lead to
MC degranulation (75, 76) (Figure 1). The stimulatory effect
on MCs is absent if the enzymatically inactive form of PLA2 is
used (77). PLA2 enzymatic activity is also required to induce
a Th2 response (78). Generated neoantigens in the skin are
presented by the CDla molecules of antigen-presenting cells
(APCs) and then induce a polyclonal T cell response (79).
Interestingly, the stimulatory effects of PLA2 were observed
only in the presence of lipids, either venom- or host-derived,
indicating that lipid and protein components act in concert to
inducea T cell response (79). PLA2 activity has also been detected
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in house dust mite extracts (80), indicating that generation
of lysophospholipids could be a part of allergic sensitization
program. Moreover, an interaction between MCs and dendritic
cells (DCs) has been demonstrated in contact hypersensitivity
models (81, 82), where MCs were “cross-dressed” with DC
MHC class II complexes. How the local changes of lipid
composition, induced by e.g., PLA2 activity, modulate the MC-
DC interaction and which functional consequences this would
have for the T cell response in allergic settings remains to be
further elucidated.

MEMBRANE LIPID ORGANIZING
ENZYMES ARE TARGETS TO MODULATE
MAST CELL ACTIVATION

Organization of membrane lipids plays an important role
in regulation of MC degranulation. The inner leaflet, facing
the inside of the cell, contains negatively charged amino-
phospholipids, and phosphatidylethanolamine (PE). The
outer leaflet, facing the outside environment, contains
phosphatidylcholine (PC) and sphingomyelin. Asymmetric
distribution of phospholipids in the plasma membrane
plays an essential role in regulation of MC exocytosis (83).
Interestingly, one of the earliest events in MC degranulation
is a redistribution of phosphatidylinositol 4,5-bisphospate
[PtdIns(4,5)P2] disappearing from the plasma membrane
within seconds after stimulation (84). Furthermore, MC
degranulation is associated with reversible phosphatidylserine
(PS) translocation to the plasma membrane (85), in contrast
to various other cell types, in which the PS translocation
represents an apoptotic “eat-me” signal. PS exposure can
implicate endocytosis, acquisition of membrane curvature,
regulation of transmembrane proteins, interactions with
cytoskeletal elements as well as involvement in PS signaling
(19). Lipid transporting phospholipid scramblase 1 (PLSCR1),
floppase ABCAl or transmembrane protein TMEMIG6F are
the candidates responsible for PS translocation (19, 86).
Interestingly, PS translocation in MCs could be induced
not only by FceRI-mediated activation. Crosslinking of
glycosylphosphatidylinositol-anchored proteins by specific
antibodies or lectins also induce PS externalization, using
probably a different Ca’"-independent mechanism (87). It
seems that the context in which MCs recognize PS is important,
since free PS and lyso-PS enhance FceRI-mediated degranulation
(88) and phosphatidylserine-specific phospholipase A1, released
e.g., by activated platelets, generates lyso-PS and strongly
enhances MC histamine release (75). However, recognition of
PS on the surface of apoptotic cells by the inhibitory receptor
CD300a leads to a downregulation of inflammatory cytokine
and chemokine production (89). Also, rodent MCs express
a-galactosyl derivatives of the ganglioside GD1b (90). Antibodies
recognizing this ganglioside inhibit degranulation and histamine
release by modulating FceRI endocytosis (90, 91) but in
contrast, are also able to promote release of cytokines and lipid
mediators (92).

Lipid content and distribution in membranes are
regulated by different enzymes. Three types of phospholipid
transportation enzymes are responsible for maintenance
of the phospholipid asymmetry in membranes: (1)
flippases that catalyze translocations of phospholipids
between membrane leaflets in an energy-dependent or-
independent manner, primarily from the external to the
internal leaflet, (2) floppases that transport lipids from the
cytoplasmic leaflet to the external membrane leaflet, and (3)
scramblases that move lipids between the two leaflets [as
reviewed in Pomorski and Menon (93)]. Potential effects of
flippases, floppases, and scramblases on MC function are
outlined in Figure 2.

Flippases are members of the P4-type ATPase family with
a similar structure containing 10 transmembrane domains,
an actuator domain, a phosphorylation domain, and a
nucleotide-binding domain associating with an accessory
subunit Cdc50, forming a heterodimeric complex. In mammals,
14 different P4-ATPases have been identified as heterodimers
consisting of a catalytic subunit in association with one
member of the Cdc50 family (94). Many P4-ATPases are
ubiquitously expressed and have been implicated in different
metabolic diseases (95). P4-ATPases are also involved in
the phospholipid transport between different subcellular
compartments and are responsible for maintenance of
phospholipid asymmetry in different cell types. Lipid
transport by P4-ATPases is lipid-specific, head group-, and
backbone-dependent (96). P4-ATPases regulate vesicular
trafficking and the bidirectional vesicular transport between

FIGURE 2 | Potential effects of flippases, floppases, and scramblases on MC
function. Lipid transporting enzymes could be involved in regulation of different
cellular processes. Granule biogenesis (A), endocytosis (B), and exocytosis
(C) could be regulated by flippases. Floppases are participating in transport of
lipid mediators (D) and could be involved in regulation of MC exocytosis (E).
Scramblases regulate FceRI-mediated signaling and MC degranulation (F),
could be potentially involved in TLR-signaling in endosomes (G) and regulation
of gene transcription (H).
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the Golgi complex and early endosomes, but also vesicle
biogenesis by enriching specific phospholipids in yeast cells,
formation of post-Golgi vesicles in plant cells, as well as
maintenance of membrane integrity and secretory processes
(95, 97). Involvement of this class of lipid transporters in MC
granule biogenesis and exocytosis is obvious. Genetic models
with  MC-specific P4-ATPase inactivation/overexpression
could help to better understand essential regulatory steps in
granule development, maturation and degranulation of MCs.
Improvement of the knowledge on MC granule organization
will also help to develop new strategies to interfere with
MC degranulation.

Lipid transporters, shipping lipids from the inner membrane
leaflet to the outer leaflet, are ATP-biding cassette (ABC)
proteins, originally identified as multidrug resistance gene
products in tumor cells. ABC proteins are encoded as single
polypeptides, which can form homo- or heterodimers, contain
an ATP-binding site, a nucleotide-binding domain and up
to 17 transmembrane domains (98). Leukotriene C4 was the
first lipid mediator described, transported by ABCC1/MRP1
(99). Different other lipid mediators such as prostaglandin A2
(PGA2) and 15-deoxy-A (121 PGJ2, lysophosphatidylinositol
(LPI) are also transported by specific ABC proteins (100,
101). In MCs with downregulated ABCC1/MRP1 expression,
transport of S1P was strongly reduced, indicating an ABC-
dependent regulation of MC chemotaxis and migration (102).
How the lipid transport can be modulated by targeting
other ABC proteins and how this will affect MC function
is currently unknown. Mutations of ABC lipid transporters
are responsible for several human diseases, such as neonatal
surfactant deficiency (ABCA3 mutation) or Tangier disease
(ABCA1 mutation), characterized by decreased removal of
cholesterol from peripheral tissues (103).

Scramblases are structurally related proteins, containing a
DNA-binding domain, a palmitoylation motif, a Ca?*-binding
motif, transmembrane domains and a nuclear localization signal.
Located in the plasma membrane, scramblases are involved in
the Ca?*-dependent distribution of phospholipids (scrambling)
(104). In 2008, the group of Benhamou identified phospholipid
scramblase 1 (PLSCR1) as specific regulator of FceRI signaling
(105). Initially, PLSCR1 was only marked responsible for the
rapid redistribution of phospholipids between two leaflets of the
plasma membrane after cell activation or apoptosis, leading to
the disruption of their asymmetric distribution (106-108). In the
meantime, however, it is known that PLSCR1 serves numerous
functions beyond the redistribution of phospholipids, such as
the regulation of cell proliferation, differentiation, apoptosis, and
tumor development (109-112). PLSCR1 requires palmitoylation
to be stabilized at the plasma membrane. In the absence of
palmitoylation, it is found in the nucleus, where it can bind DNA
and activate the transcription of the inositol phosphate-3 (IP3)
receptor (113, 114). When palmitoylated and localized at the
plasma membrane, it participates in the epidermal growth factor
signaling (115) by amplifying activation of the tyrosine kinase
Src (116).

Knock-down of PLSCR1 in RBL-2H3 cells significantly
impaired FceRI-mediated degranulation and release of vascular

endothelial growth factor (105). Earlier, Pastorelli had already
observed that phosphorylation of PLSCR1 is increased following
the engagement of FceRI in RBL-2H3 cells (117). Tyrosine
phosphorylation of PLSCRI1 following FceRI aggregation relies
on Lyn and Syk tyrosine kinases and partially also on calcium
mobilization. In contrast, Fyn signaling negatively regulated
PLSCR1 phosphorylation, suggesting a complex modulation
of FceRI-dependent MC activation by PLSCRI1 (105, 118).
In vivo studies using Plscr1~/~ mice showed reduced FceRI-
dependent passive systemic anaphylaxis and serum histamine
levels compared to wild-type mice (119), demonstrating the
involvement of PLSCRI in IgE-mediated anaphylaxis without
affecting the phenotype or tissue distribution of resting MCs.
Surprisingly, anaphylactic reactions induced by direct injection
of histamine were slightly increased in Plscr1™/~ animals,
indicating that PLSCRI also counter-regulates IgE-dependent
anaphylaxis at later stages.

The modulatory ability of PLSCR1, allowing increased as well
as decreased biological responses, might serve to sophisticatedly
regulate inflammation, host defense, tissue remodeling and
homoeostasis and provide a rationale for exploiting PLSCR1
as therapeutic target in allergies (119, 120). Interestingly, in
plasmacytoid DCs, PLSCRI interacts with TLR9, and regulates
the type I IFN response by modulating endosomal trafficking of
TLR9 (121). Also, scramblase 2 (PLSCR2) has been found to be
involved in the antiviral response. PLSCR2 binds to STAT3 and in
this way also participates in downregulating the type I interferon
response (122). Whether comparable effects will be observed in
MCs and whether the antiviral response of MCs is compromised
in the absence of scramblases remains an open question for
future investigations. Mice deficient for scramblase 3 developed
metabolic syndrome and lipid accumulation in abdominal fat
pads (123).

Modulation of MC degranulation by affecting the lipid
composition of the cell membrane or the enzyme activity
modulating the lipid distribution of the membrane are
potential emerging therapeutic strategies for the treatment of
allergic diseases.

CONCLUSION AND PERSPECTIVES

The rapidly emerging field defining modulation of MC
reactivity by lipids, in addition to proteins, reveals novel and
unprecedented targets, which may serve to preclude MC effects
in allergic reactions. Active substances secreted by MCs have
already been studied extensively, but data on the overall lipid
composition of MCs and on stimulus-specific as well as sub-
cell type-specific lipidomic data are still missing. Direct effects
of immunomodulatory lipids on MC degranulation, changes
in MC lipid composition induced by allergens themselves
and changes in lipid transport and metabolism in MCs
have not yet been comprehensively investigated. Furthermore,
current studies investigating MC lipids are often limited by
use of non-physiologic conditions or narrow restriction of
the lipids that were analyzed. Therefore, addition of modern
lipidomic approaches to the toolbox of immunology and cell
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biology is crucial. Hereby, the added knowledge of lipid
production and regulation together with deep understanding
of MC biology will help find new mechanisms regulating
MC responses. Coupled with this, an in-depth knowledge will
be considerably advantageous for patients with anaphylaxis,
asthma, allergic rhinitis, eczema, urticaria, mastocytosis, and
other allergic diseases.
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Acute lung injury (ALl) is an acute respiratory failure that is associated with
excessive neutrophil recruitment and high mortality. To assess the efficacy of
1-palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG) as a therapeutic agent for ALI, this
compound was administered orally to mice challenged with an intranasal dose of
lipopolysaccharide (LPS). Using this model, we found that PLAG promotes resolution
of ALl through effective control of LPS-induced neutrophil infiltration, endothelial
permeability, and inflammmatory chemokine production. In addition, the Toll like Receptor
4 (TLR4) endocytosis/exocytosis cycle was significantly accelerated in Raw 264.7 cells
co-treated with PLAG/LPS, as compared to cells treated only with LPS. During this cycle,
a PLAG-induced exotoxin clearance pathway was observed to occur through the prompt
assembly of nicotinamide adenine dinucleotide phosphate (NADPH) units and production
of reactive oxygen species (ROS), which ultimately lead to earlier LPS clearance. We
further detected reduced expression, as well as faster return to homeostatic levels, of
macrophage inflammatory protein (MIP)-2, in PLAG/LPS- vs. LPS-treated cells. MIP-2 is
a main inducer of neutrophil migration that is mainly controlled by interferon regulatory
factor 3 (IRF3) activation and is involved in the TLR4 endosomal-signaling pathway. PLAG
induced TLR4-mediated TRIF-related adaptor molecules/Toll-interleukin receptor (TIR)
domain-containing adaptor protein including interferon (IFN)-p/IRF3 endosomal signaling,
leading to rapid association of TRAM/TRIF and TLR4 and earlier IRF3 phosphorylation in
PLAG/LPS-treated vs. LPS-treated cells. PLAG specificity was further verified with PLAG
analogs and metabolites known to control excessive neutrophil infiltration, suggesting
that this acetylated diacylglycerol has a unique biological role in neutrophil motility. Thus,
our data indicate that PLAG may represent a potential therapeutic agent for resolution of
LPS-induced lung inflammation through effective MIP-2 modulation.
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INTRODUCTION

Acute lung injury (ALI) is a severe inflammatory lung disease
that is characterized by the disruption of the lung alveolar-
capillary membrane barrier. This leads to a massive infiltration
of neutrophils into the interstitium and the bronchoalveolar
space, as well as an excessive inflammatory response (1). The
activation and transmigration of neutrophils are considered an
essential step in ALI progression. Neutrophils play a key role in
the innate immune system, as these cells are the first leukocytes to
migrate to regions of acute inflammation (2). Neutrophils cross
the blood vessel endothelium into infected tissue and eliminate
invading pathogens via multiple killing mechanisms, including
phagocytosis, degranulation, and neutrophil extracellular traps
(NETs) (3, 4). Notably, neutrophils secrete numerous cytokines
and chemokines that influence other immune cells and are thus
key regulators of inflammation (5). Although the transmigration
and activation of neutrophils are absolutely essential for infection
clearance, excessive recruitment, and aberrant activation of
neutrophils leads to severe host tissue damage and may ultimately
cause death (6).

Lipopolysaccharide (LPS) is a Gram-negative bacterial toxin
recognized by Toll-like receptor 4 (TLR4), which is used
to induce both acute and chronic tissue injury in animal
models of inflammation (7, 8). When LPS infiltrates into
the lung, macrophages are activated by the LPS-receptor
complex, TLR4/MD-2, and this stimulates the translocation of
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) from the cytosol to membrane (9). Activated NOX
produces reactive oxygen species (ROS) that are able to directly
kill pathogens and stimulate increased expression of interleukin
(IL)-8 and macrophage inflammatory protein (MIP)-2 (10).
Neutrophil migration is regulated by the response to chemokine
gradients, and MIP-2, in particular, is a major chemokine
involved in the induction of neutrophil migration (11, 12).

TLR4-associated signaling pathways are classified based on the
involvement of two main adaptor proteins, referred to as myeloid
differentiation primary response protein 88 (Myd88) and Toll-
interleukin receptor (TIR) domain-containing adaptor protein
inducing interferon (IFN)-f (TRIF) (13). The Myd88-dependent
pathway, which occurs mainly at the plasma membrane, is
mediated by Myd88 and the TIR domain-containing adapter
protein (TIRAP). This pathway activates nuclear transcription
factor kappa B (NF-kB) signaling and leads to induction IL-18
and tumor necrosis factor (TNF) (14). In contrast, the TRIF-
dependent pathway utilizes the TRIF-related adaptor molecules
(TRAM) and TRIF and is associated with endocytosis of
the activated TLR4 receptor. This occurs at the endosomal
membrane following TLR4 internalization and activates signaling
via the interferon regulatory factor 3 (IRF3) transcription factor,
as well as IFN-B secretion (15). Critically, the TLR4-mediated
signaling pathways play crucial roles in the immune response and
in host defense by acting as sensors of microbial infection.

The acetylated diacylglycerol 1-Palmitoyl-2-linoleoyl-3-
acetyl-rac-glycerol (PLAG), is a mono-acetyl-diglyceride that has
been isolated from the antlers of sika deer and can be chemically
synthesized from glycerol, palmitic acid, and linoleic acid
(16). Synthesized PLAG is chemically identical to its naturally

isolated form (17). In a previous study, we found that PLAG
exerts therapeutic effects when administered in combination
pegfilgrastim  for treatment of chemotherapy-induced
neutropenia. PLAG modulated neutrophil transmigration,
and significantly reduced fluorouracil/scratching-induced oral
mucositis and cachexia (18, 19). Here, we investigated the
effects of PLAG on neutrophil migration and the resolution
of inflammation in an LPS-induced mouse model of ALI and
on TLR4 signaling of macrophage cells in culture. We show
that PLAG modulates TLR4 endocytosis-dependent endosomal
signaling, TRAM-TRIF-IRF3-mediated signaling, and ultimately
can control excessive neutrophil infiltration through modulation
of MIP-2 expression. These findings suggest that PLAG may
have therapeutic potential for treatment of ALI and other severe
inflammatory diseases.

MATERIALS AND METHODS
LPS-Induced ALI Mouse Model

Balb/c mice (9-week to 11-week-old males) were purchased from
Koatech Co. (Pyongtaek, Republic of Korea) and maintained
under specific pathogen-free (SPF) conditions. For the ALI
model, mice were anesthetized with 2,2,2-Tribromoethanol (150
mg/kg; Sigma-Aldrich, St. Louis, MO, USA) by intraperitoneal
injection and administered LPS intranasally (25 mg/kg; Sigma-
Aldrich). PLAG (10, 50, or 250 mg/kg, Enzychem Lifesciences
Co., Daejeon, Republic of Korea) was administered orally.
Collection of bronchoalveolar lavage fluid (BALF) was performed
by tracheal cannulation, using cold phosphate-buffered saline
(PBS). Complete blood counts (CBCs) were performed using
the Mindray BC-5300 Auto Hematology Analyzer (Shenzhen
Mindray Bio-medical Electronics, China).

Ethics Statement

All animal experimental procedures were performed in
accordance with the Guide and Use of Laboratory Animals
(Institute of Laboratory Animal Resources). All experiments
were approved by the Institutional Review Committee for
Animal Care and Use of KRIBB (Korea Research Institute of
Bioscience and Biotechnology, Daejeon, Republic of Korea),
approval number KRIBB-AEC-16031.

Cell Culture and Primary Neutrophil

Isolation

Raw 264.7 (American Type Culture Collection [ATCC],
Manassas, VA, USA) cells were cultured in Dulbecco’s Modified
Eagle Medium, supplemented with 2mM L-glutamine and 10%
fetal bovine serum (FBS). Human Umbilical Vein Endothelial
Cells (HUVEC; Lonza, Walkensville, MD, USA) were cultured in
EGM™.2 media (Lonza) and BulletKit™ supplement (Lonza).
HL-60 (ATCC) cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640, containing 20% FBS (TCB, Long Beach,
CA, USA) and differentiated with complete media, containing
1.5% dimethyl sulfoxide (DMSO) for 5 days. THP-1 (ATCC)
cells were cultured in RPMI 1640, containing 10% FBS. All
cells were maintained in a 5% CO, incubator at 37°C. Primary
neutrophils were isolated from femurs and tibias of mice using
65 and 72% Percoll® (Sigma-Aldrich) two-layer gradients. After
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centrifugation, recovered cells were incubated with red blood
cell lysis buffer (ACK Lysing Buffer, Gibco, Waltham, MA, USA).
The purity of isolated primary neutrophils (CD11b*GR1T) was
determined to be >90% (data not shown).

Evans Blue Leakage Assay

Evans blue (50 mg/kg, Sigma-Aldrich) was diluted in PBS and
injected intravenously into mice 30 min before sacrifice. After
sacrifice, mice were perfused by right ventricle puncture with
PBS, and lungs were photographed. Following drying at 56°C for
48h, lungs were weighed, and Evans blue dye was extracted in
500 pl of formamide (Sigma-Aldrich). The absorbance of these
supernatants was measured by spectrophotometry (Molecular
Devices, Sunnyvale, CA, USA) at a wavelength of 620 nm. Evans
blue concentrations were calculated as extracted Evans blue
concentration (ng) divided by the dry lung tissue weight (mg)
and compared to measurements from a standard curve.

Hematoxylin and Eosin Staining and

Immunohistochemistry

Lung tissue specimens were fixed in 10% buffered formalin
for 24 h, embedded in paraffin, and sectioned at 4 pm. Tissue
sections were stained with hematoxylin and eosin (H&E).
For immunohistochemistry (IHC) analyses, 4-um thick lung
serial sections were cut and mounted on charged glass slides
(Superfrost Plus; Fisher Scientific, Rochester, NY, USA). The
sections were deparaffinized and then treated with 3% hydrogen
peroxide in methanol to quench the endogenous peroxidase
activity. Samples were then incubated with 1% bovine serum
albumin (BSA; Gibco) to block non-specific binding. After
blocking, sections were incubated with primary rat anti-
neutrophil (NIMP-R14, Thermo Fisher Scientific Inc., Waltham,
MA, USA) antibody (1:100) or mouse anti-LPS (Abcam,
Cambridge, UK) antibody (1:100) at 4°C overnight. After
washing, the slides were incubated with a 1:250 dilution of
secondary antibody, either horseradish peroxidase-conjugated
goat-anti-rat IgG (Santa Cruz Biotechnology, Dallas, TX,
USA) or horseradish peroxidase-conjugated goat-anti-mouse
IgG (Dako, Santa Clara, CA, USA), at room temperature for
15 min. Images were observed under light microscopy (Olympus,
Shinjuku, Tokyo, Japan).

Histological Scoring and Myeloperoxidase
Activity Assay

Lung injury scores were measured by a blinded investigator
using published criteria (Tablel and Equation 1), which
are based on neutrophil infiltration (in the alveolar or the
interstitial space), hyaline membranes, proteinaceous debris
filling the airspaces, and septal thickening (20). To measure
myeloperoxidase (MPO) activity in ALI mice, lungs were isolated
and homogenized with 0.1% IGEPAL® CA-630 (Sigma-Aldrich).
After centrifugation for 30 min, MPO activity was determined
using the Myeloperoxidase Activity Assay Kit (Abcam). Sample
absorbance was measured using a microplate reader (Molecular
Devices) at 410 nm.

TABLE 1 | Lung injury scoring criteria from Matute-bello et al. (20).

Parameter Score per field

0 1 2
A. Neutrophils in the alveolar space None 1-5 >5
B. Neutrophils in the interstitial space None 1-6 >5
C. Hyaline membranes None 1 >1
D. Proteinaceous debiris filling the airspaces None 1 >1
E. Alveolar septal thickening <2X 2x—4x >4x

The final score =
[Q0xA) + (14xB) + (7xC) + (7xD) + (2 x E)]

Number of fields x 100

(1

Reverse Transcription Polymerase Chain
Reaction (RT-PCR) and Real-Time PCR

Total RNA was extracted using Total RNA Extraction Solution
(Favorgen, Taiwan), according to the manufacturer’s instructions.
This RNA was used in reverse transcription reactions with oligo-
dT primers and M-MLV RT reagents (Promega, Madison, W1,
USA), according to the manufacturer’s instructions. For RT-
PCR, the synthesized cDNA was mixed with 2x PCR Master
Mix (Solgent, Daejeon, Republic of Korea) and 10 pmol specific
PCR primer pair following the manufacturer’s protocol. The
primers were synthesized from Macrogen (Seoul, Republic of
Korea; see Table 2 for primer sequences). Amplified products
were separated on 1% agarose gels, stained with ethidium
bromide, and photographed under UV illumination using a
GelDoc (Bio-Rad Laboratories, Hercules, CA, USA).

A SYBR Green kit (Applied Biosystems, Foster City, CA,
USA) was used for real-time PCR (qPCR) analysis of cDNA
according to the manufacturers instructions. Thermal cycling
conditions were as follows: initial denaturation at 95°C for
15 min, followed by 40 cycles of 95°C for 30s, 60°C for 30s,
and 72°C for 30s. A melting step was performed by raising
the temperature from 72 to 95°C after the last cycle. Thermal
cycling was conducted on a ViiA 7 Real-Time PCR System
machine (Applied Biosystems). The target gene expression levels
are shown as a ratio in comparison with GAPDH expression in
the same sample by calculation of cycle threshold (Ct) value. The
relative expression levels of target genes were calculated by the
2~ AACT relative quantification method.

Enzyme-Linked Immunosorbent Assay

(ELISA)

Concentrations of MIP-2, IFN-f, IL-1p, and TNF were measured
using ELISA kits for MIP-2 (R&D Systems, Minneapolis,
MN, USA), mouse IFN-f (R&D Systems), mouse IL-1f (BD
Biosciences, Franklin Lakes, NJ, USA), and mouse TNF (BD
Biosciences), according to the manufacturers’ instructions.
Cytokine levels were estimated by interpolation from a
standard curve generated using an ELISA reader (Molecular
Devices) at 450 nm.
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TABLE 2 | Primers used for PCR.

Sense primer

Antisense primer

MIP-2 AGT GAA CTG CGC TGT CAA TG CTTTGG TTC TTC CGT TGA GG
S100A8 ATG CCG TCT GAA CTG GAG AA TGC TACTCC TTG TGG CTG TC
S100A9 ATG GCC AAC AAAGCACC TT TTACTT CCC ACAGCC TTT GC
GAPDH CCATCA CCATCT TCC AGG AG ACA GTC TTC TGG GTG GCA GT
TRIF TGT TGG AAA GCA GTG GCC TAT GAT GAC GTG GTG TTC TGC AGA
TRAM AGG CTA CAC AGA GAA ACC CC TGT GAC TTC CTG GCC ATG AT
TIRAP GAT CGT CAC CAG CTT CCATT CCT GAT GCC AGA GGA AGA AG
Myd88 TCG AGT TTG TGC AGG AGA TG AGG CTG AGT GCAAAC TTG GT
IFNB AAG AGT TAC ACT GCC TTT GCC ATC CAC TGT CTG CTG GTG GAG TTC ATC
IL-1B TGT AAT GAA AGA CGG CAC ACC TCT TCT TTG GGT ATT GCT TGG
TNF ATG AGA AGT TCC CAA ATG GC CTC CACTTG GTG GTT TGC TA
LPL GGG CTC TGC CTG AGT TGT AG GTC AGG CCA GCT GAA GTA GG
GPI-HBP1 AGC AGG GAC AGA GCA CCT CT AGA CGA GCG TGA TGC AGA AG
Clathrin GGG CAA ATC AAA GAA GTG GA GAG CAG TCA ACA TCC AGC AA
Caveolin-1 ACC TCT CTG GAC TGG CAG AA GGA AAG GTC GAG CTT CAC AG
IL-6 GAT GCT ACC AAA CTG GAT AT GGT CCT TAG CCACTC CTT CTG TG
CXCL1 AGA CTG CTC TGA TGG CAC CT CTG CAC TTC TTT TCG CAC AA
CXCL3 CAA CGG TGT CTG GAT GTG TC AGC CAA GGA ATA CTG CCT TA
CXCL5 GTATCC TGG GTT TCC GGA CT GAT CTC CAT CGC TTT CTT CG
CXCL12 GAG CCA ACG TCAAGC ATC TG CGG GTC AAT GCA CAC TTG TC
CCL2 CCC AAT GAG TAG GCT GGA GA AAA ATG GAT CCA CAC CTT GC
CCL3 CCA AGT CTT CTC AGC GCC AT TCC GGC TGT AGG AGA AGC AG
CCL4 TCT TGC TCG TGG CTG CCT GGG AGG GTC AGA GCC CA
CCL5 ATATGG CTC GGA CAC CAC TC AGC AAG CAA TGA CAG GGA AG
CCL7 GTG TCC CTG GGA AGC TGT TA TCC TTA GGC GTG ACC ATT TC
CCR1 AAG GCC CAG AAA CAA AGT CT TCT GTA GTT GTG GGG TAG GC
CCR2 CCT GCA AAG ACC AGA AGA GG GTG AGC AGG AAG AGC AGG TC
CCR3 AAG GAC TTA GCA AAATTC AC CA ACA CCA GGG AGT ACA GTG GA
CCR5 CGT TCC CCC TAC AAG AGA CT ACC CAC AAA ACC AAA GAT GA
CXCR1 TCA GTG GTT CCT GCT GC TG GCA GAC GAG GAT AGT GAG CA
CXCR2 GAT GTC TAC CTG CTG AAC CT ACC AGG TTG TAG GGC AGC CA
CXCR4 GGG GAC ATC AGT CA GG GTG GAA GAA GGC GAG GG

Immunofluorescence Staining and Flow

Cytometric Analysis

To detect TLR4/MD2 on membrane surfaces, cells were fixed
with 2% paraformaldehyde (Sigma-Aldrich) and blocked with
PBS, containing 1% BSA (Gibco). Cells were then incubated
with rabbit anti-TLR4/MD2 antibody (Thermo Fisher Scientific
Inc.) and Alexa488-conjugated anti-rabbit IgG (Invitrogen,
Carlsbad, CA, USA) without permeabilization. For detection
of p47phox, Rac-1, lysosomes, ROS, and intracellular LPS,
cells were fixed and permeabilized. Samples were then stained
with rabbit anti-p47phox (Thermo Fisher Scientific Inc.),
mouse anti-Rac-1 (Merck Millipore, Billerica, MA, USA), FITC-
conjugated CM-H2DCFDA (Invitrogen) for ROS, the Texas red-
conjugated LYSO-ID® Red Detection Kit (Enzo Life Sciences,
Inc.), or mouse anti-LPS (Abcam) antibodies, respectively.
Secondary antibody staining was then performed with Alexa488-
conjugated anti-rabbit IgG (Invitrogen) or Alexa594-conjugated
anti-mouse IgG (Thermo Fisher Scientific Inc.). For confocal
microscopy analysis, cells were washed with PBS and mounted in
4’6-diamidino-2-phenylindole (DAPI)-containing fluorescence

microscopy mounting medium (Invitrogen). Samples were
analyzed with a laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany). For flow cytometric analysis, cells
were washed with PBS and analyzed with a FACSVerse Flow
Cytometer (BD Biosciences), and the data were processed with
Flow]Jo software (Tree Star, OR, USA).

siRNA Transfection

Specific siRNA targeting TRIF (sc-154266), TRAM (sc-
44748), TIRAP (sc-44740), Myd88 (sc-35987), lipoprotein
lipase (LPL) (sc-44900), glycosylphosphatidylinositol high
density binding protein 1 (GPI-HBP1) (sc-145686), clathrin
(sc-35067), and caveolin-1 (sc-29241) were purchased from
Santa Cruz Biotechnology. Scramble siRNA (sc-37007) used
as control. Cells were transfected with the indicated siRNA
duplex targeting constructs (50 nM) and HiPerFect Transfection
Reagent (QIAGEN, Hilden, Germany). After incubation for
24h, downregulation of target gene expression was evaluated
by RT-PCR.
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Immunoprecipitation

For immunoprecipitations, cells were extracted in lysis buffer
containing 25mM Tris-HCl, 150mM NaCl, 1mM EDTA,
1% NP-40, and 5% glycerol with protease inhibitor (Roche,
Indianapolis, IN, USA). Anti-TLR4/MD2 antibody (Thermo
Fisher Scientific Inc.) (2 pg) was added to 200 pl of each cellular
extract, and these were incubated at 4°C for 6 h on a rotator. Pre-
washed protein G beads (Bio-Rad) (100 L1) were then added to
each sample, followed by incubation at 4°C for 4 h. Samples were
washed three times in PBS-T [PBS, containing 0.05% Tween-20
(Merck Millipore, Billerica, MA, USA)], solubilized in Laemmli
buffer at 70°C for 10 min, boiled for 10 min, and verified by
western blot.

Western Blot Analysis

Cells were ruptured on ice with 1x RIPA lysis buffer (Cell
Signaling Technology, Danvers, MA, USA), containing protease
inhibitor (Roche) and phosphatase inhibitor (Thermo Fisher
Scientific Inc.). Cell lysates were clarified by centrifugation, and
samples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). Proteins in gels were transferred
onto polyvinylidine (PVDF) membranes (Bio-Rad), and these
were blocked with 5% BSA (Gibco) in PBS-T. Membranes were
then incubated with antibodies against TRIF (Abcam), Myd88
(Cell Signaling Technology), TLR4 (Invitrogen), phospho-
TRAM (MyBioSource, San Diego, CA, USA), TRAM (R&D
Systems), phospho-TIRAP (Y86; Abcam), TIRAP (Abcam),
phospho-IRF3 (Ser396; Cell Signaling Technology), IRF3 (Cell
Signaling Technology), phospho-p65 (Ser536; Cell Signaling
Technology), and p65 (Enzo Life Sciences, Inc.) overnight
at 4°C. After washing with PBS-T, membranes were stained
with peroxidase-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology) or peroxidase-conjugated goat anti-mouse 1gG
(Santa Cruz Biotechnology). Target proteins were then detected
using the Immobilon Western Chemiluminescent HRP Substrate
(Merck Millipore).

In vitro Permeability Assay and Cell

Migration Assay

To measure the permeability of endothelial cells in vitro, HUVEC
cells (1 x 10*) were seeded onto 5-jm pore Transwell inserts
(Corning Inc., Corning, NY, USA) in complete media. After 16 h,
supernatants were removed, and 5 x 10* differentiated HL-60
(dHL-60) cells were loaded onto the HUVEC cells into the top
Transwell chamber. THP-1 cells were pre-incubated with PLAG
(100 pg/ml) for 1h and then stimulated with LPS (100 ng/ml).
After 16h, these were centrifuged, and the supernatant was
transferred into the bottom Transwell chambers. The combined
Transwells were incubated at 37°C for 6 h, after which migrated
dHL-60 cells were counted using a hemocytometer and trypan
blue staining. Transwell assays were also used to verify albumin
efflux into the alveolar compartment observed in the in vivo
animal model. Briefly, in place of albumin, streptavidin-HRP
was laid on the upper chamber with HL-60 cells for 5 min, and
then the medium (100 1) containing transmigrated HRP in the
lower chamber was collected and assayed for activity using 100
pl of 3,335,5’-tetramethylbenzidine (TMB) substrate (Surmodics,

Eden Prairie, MN, USA). Color development was measured by
microplate reader (Molecular Devices) at 450 nm.

To measure migration of primary neutrophils, Raw264.7
cells were pre-incubated with PLAG (100 pg/ml) for 1h and
stimulated with LPS (100 ng/ml) for 16 h. Cells were centrifuged,
and the supernatant was transferred to the bottom chamber of
a Transwell plate. Isolated mouse neutrophils were suspended in
RPMI 1640 without FBS, and loaded onto 3 pm-pore Transwell
filters (Corning) positioned on top of the migration chamber.
Combined Transwells were incubated at 37°C for 2h, and
migrated neutrophils were counted using a hemocytometer with
trypan blue staining.

Statistical Analysis

Results are presented as the mean =+ standard error of the mean
(s.e.m.). The level of significance, assumed at the 95% confidence
limit or greater (p < 0.05), was calculated with one-way analysis
of variance (ANOVA), followed by Duncan’s post hoc test, using
SPSS software; * indicates p < 0.05.

RESULTS

PLAG Resolves LPS-Induced ALI Through
Regulation of Excessive Neutrophil

Infiltration

LPS is able to recruit immune cells into the lung alveolar
compartment and promotes the secretion of inflammatory
mediators. Thus, it is commonly used to induce development
of ALI in a mouse model (21). Evans blue dye extravasation
into the tissue can further used as an index of increased
vascular permeability and neutrophil transmigration in ALI and
control mice (22). Here, we used this Evans blue leakage assay
to investigate the effects of PLAG (administered orally) on
vascular leakage in mice that were intranasally administered
with LPS. We found that in mice treated with LPS alone
for 16h, lung tissues showed excessive leakage of albumin
from blood vessels to the alveolar space, as demonstrated by
increased Evans blue staining (Figure 1A). Lungs from mice co-
treated with PLAG/LPS, however, showed decreased Evans blue-
stained albumin. These findings were confirmed by a quantitative
analysis of Evans blue-labeled albumin extract from the lungs
(Supplementary Figure 1a), which shows a decreased level of
Evans blue dye in lungs from mice treated with PLAG/LPS, as
compared to LPS alone.

A high level of Evans blue staining is correlated with the
vast extravasation of neutrophils into the alveolar space. We
therefore, examined the effect of PLAG on leukocyte cell
infiltration into the lung alveolar compartment using H&E
staining. These data revealed that intranasal LPS administration
induces extensive inflammatory cell infiltration into the lung
tissue compared to control animals. However, PLAG/LPS co-
treated mice exhibit a considerably reduced inflammatory cell
infiltration into the alveolar space and display normal alveolar
morphology (Figure 1B). Histological scores of control, LPS,
and PLAG/LPS-treated mice show the same effect (Figure 1C,
Table 1, and Equation 1).
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FIGURE 1 | PLAG suppresses lung inflammation in a mouse model of acute lung injury (ALI) through regulation of neutrophil infiltration. Mice were divided into four
separate groups (n = 5 per group): control, LPS-treated, and PLAG/LPS co-treated. LPS (25 mg/kg) was intranasally injected, and PLAG (250 mg/kg) was
administered orally. Evans blue dye (50 mg/kg) was injected intravenously 30 min before sacrifice following LPS or PLAG/LPS treatment for 16 h, and lungs were
harvested from all animals. Representative lungs demonstrating Evans blue accumulation are shown (A). Histological examination of lung tissues was performed 16 h
after LPS administration. Lung sections were stained with HandE or with neutrophil and LPS-specific antibodies (B). Lung injury scoring was calculated as described
in Table 1 and Equation 1 (C) (20). Lungs from LPS and PLAG/LPS-treated animals, as well as controls, were examined for MPO activity (D). Following LPS or
PLAG/LPS stimulation for 2, 4, 8, and 16 h, mice were sacrificed, and the number of neutrophils in bronchoalveolar lavage fluid (BALF) was counted using complete
blood count (CBC) analysis (E). The bar represents the mean. Mice were divided into five separate groups (n = 3 per group): control, LPS-treated, PLAG (10, 50, 250
mg/kg)/LPS co-treated. LPS (25 mg/kg) was intranasally injected and PLAG was administered orally. Following LPS for 16 h, mice were sacrificed, and the number of
neutrophils in bronchoalveolar lavage fluid were counted using complete blood count (CBC) analysis (F).Total RNA was extracted from BALF cells and homogenized
lungs and analyzed by reverse transcription (RT)-PCR (G) and real-time PCR (gPCR) (H). GAPDH was used as a control. Levels of secreted MIP-2 in BALF were
measured using an ELISA assay (). All in vivo data were obtained from at least three independent experiments with five mice for each group (A-G). Data shown
represent one experiment performed in triplicate. *indicates p < 0.05.

An increase in MPO activity reflects neutrophil accumulation ~ co-treated animals more rapidly return to homeostasis,

in the lungs. Here, we found that MPO activity of isolated
lung tissue is substantially increased in LPS-treated mice but
is significantly decreased in the PLAG/LPS co-treated mice,
as compared to those treated with LPS alone (Figure 1D).
These data suggest that PLAG plays a protective role
in ALI by blocking excessive neutrophil influx into the
lung tissue. To further test this hypothesis, neutrophils in
BALF were counted 2, 4, 8, and 16h after LPS intranasal
administration (Figure 1E). We found that LPS challenge
significantly increases neutrophil infiltration time-dependently
into BALF compared to the control. However, PLAG/LPS

showing baseline numbers of neutrophils in BALF by 16h
post-treatment. The amount of neutrophils transmigrated to
the BALF at 16h after LPS intranasal injection decreased
in a dose-dependent manner in pretreated PLAG (10,
50, 250 mg/kg) (Figure1F). PLAG treatment alone has
no effect on neutrophil migration, and PLAG/LPS co-
treatment does not alter neutrophil release from bone

marrow  or  apoptosis  (Supplementary Figures 1b-e).
Thus, these data indicate that PLAG can specifically
modulate excessive neutrophil infiltration into
the lung.
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To more precisely determine the role of PLAG in controlling
excessive neutrophil infiltration into lung tissue in our ALI
model, we measured the expression of several inflammation-
related molecules in BALF cells and lung-homogenized tissue
after treatment with PLAG and/or LPS for 16 h. We found that
mRNA expression levels of MIP-2 [CXC Chemokine Ligand 2
(CXCL2)], a main factor involved in neutrophil migration, as well
as S100A8 and S100A9, are increased in BALF cells from mice
treated with LPS for 16 h compared to those from control animals
(Figures 1G-1I and Supplementary Figure 2c). This increased
gene expression, however, is significantly attenuated in mice co-
treated with PLAG/LPS for 16 h. Additionally several chemokines
such as CXCL5, C-C motif chemokine ligand 2 (CCL2), or CCL5
exhibit a significant decrease of mRNA levels following treatment
of PLAG (Supplementary Figures 2b,c). However, the reduction
of CXCL5 and CCL2 mRNA expression after LPS/PLAG co-
treatment was a small difference compared with the difference
of the decrease expression levels of MIP-2 gene in BALF cells.
The mRNA expression levels of CCL5, a key chemokine involved
monocytes/macrophages migration is increased in BALF cells
by LPS treatment and significantly decreased in mice co-
treated with PLAG/LPS for 16 h. Other chemokines and their
receptors exhibit either a moderate decrease or no change
following treatment with PLAG (Supplementary Figures 2a,b).
Further, we found that secreted levels of MIP-2 are also
significantly increased in BALF following LPS administration,
and markedly decreased by co-treatment with PLAG (Figure 1I).
We have confirmed that inhibitors of CXC chemokine receptor
2 (CXCR2), a MIP-2 binding receptor, also completely reduced
neutrophil infiltration to the lung of mice with LPS treatment
(data not shown). The major inflammatory cytokine, IL-6 was
also decreased in BALF and serum with PLAG administration
(Supplementary Figure 2d). It is reported that LPS-induced
TLR4 stimulation increases IL-6 expression (23). Thus, these
results suggest that PLAG exerts an anti-inflammatory effect by
blocking excessive neutrophil infiltration, at least in part, through
the modulation of MIP-2 expression.

PLAG Induces More Rapid Endocytosis
and Recovery of TLR4 Than LPS Alone and

Promotes Clearance of Engulfed LPS

We next investigated the role of PLAG in ALI protection
using an in vitro cell culture system. In RAW264.7 cells,
a mouse macrophage cell line, LPS stimulates its cognate
receptor TLR4 and subsequently induces LPS engulfment
with aid of this receptor. Here, we evaluated the effect
of PLAG on internalization of the LPS/TLR4 complex by
analysis of surface spanning TLR4 using anti-TLR4/MD2
antibodies. PLAG-treated Raw264.7 cells show a more rapid
endocytosis of the LPS/TLR4 complex and earlier recovery
of TLR4 on surface membranes than those treated with
LPS alone (Figures2A,B). Specifically, initiation of TLR4
internalization can be clearly observed 30 min after treatment
with LPS alone, whereas internalization is apparent after
15min in cells co-treated with PLAG/LPS. Similarly, return
of the TLR4 receptor to the cell surface membrane occurs

120 min after treatment with LPS and 60 min after co-treatment
with PLAG/LPS. These data show that PLAG accelerates
internalization of TLR4 receptor and promotes its return to the
surface membrane.

We next investigated whether accelerated LPS/TLR4
endocytosis could lead to a more rapid clearance of intracellular
LPS. It is well-known that, in macrophages, internalized
LPS spontaneously stimulates generation of ROS, which
function to eliminate the source of intracellular LPS. This also
activates signaling pathways leading to production of numerous
chemokines (mainly MIP-2) that recruit circulating neutrophils
to the infection site. ROS generation is closely regulated by
the NADPH oxidase system (24). Here, we found that in LPS-
stimulated Raw264.7 cells, recruitment of p47phox, and Racl
from the cytosol to the membrane can be observed at 30 min
post-treatment and is sustained until 120 min post-treatment.
In PLAG/LPS co-treated cells, the recruitment and return
to homeostasis of both p47phox and Racl are observed at
15 and 60min, respectively (Figures2C,D). Similarly, ROS
production can be detected 15 min earlier in PLAG/LPS-treated
cells compared to those treated with LPS alone, and return
to homeostatic levels of intracellular ROS occurs at 60 and
120 min post-treatment, respectively, for the PLAG/LPS- and
LPS-treated groups (Figure 2E). These results were further
confirmed using a lysosomal activity detection kit (Figure 2F).
Thus, our data reveal that PLAG accelerates endocytosis of
LPS/TLR4 and promotes a more rapid recruitment of p47phox
and Racl enzymes and ROS production. In addition, return
to homeostasis occurs more rapidly PLAG co-treated cells. To
determine the effect on LPS clearance, we measured levels of
intracellular LPS and found both a more rapid uptake and a
faster removal of LPS in PLAG-treated cells (Figures 2G,H).
Our data therefore indicate that PLAG facilitates a more rapid
LPS-induced TLR4 endocytosis and accelerates LPS-induced
ROS production and return to homeostasis via earlier clearance
of LPS from invading pathogen.

PLAG Works as a Vesicle and Advanced
TLR4 Endocytosis by PLAG Was

Dependent on LPL and GPI-HBP1

PLAG is acetylated DAG with palmitic and linoleic acid and
spontaneously forms a vesicle under emulsification (Figure 3A).
Vesicle is recognized by LPL secreted by peripheral tissue resident
cells. LPL bound vesicle is trapped by GPI-HBP1. GPI-HBP1 is
expressed in the most cell waiting for uptake of lipid molecules
as an energy source. To verify PLAG has role as a vesicle in
the rapid endocytosis and recovery of TLR4, Knockdown of
LPL and GPI-HBP-1 in THP-1 cells was constructed by siRNA
transfection. Gene silencing of LPL, GPI-HBP1, caveolin-1, and
clathrin was confirmed by western blot analysis (Figure 3A).
In the scramble RNA transfected cells as control, PLAG/LPS
treatment enables to rapid endocytosis at 15 min and recovery
of TLR4 at 60min when compared to only LPS treatment
(Figure 3B). In the LPL or GPI-HBP1 gene silenced cells, added
PLAG effect on rapid endocytosis and recovery of TLR4 was not
observed (Figures 3C,D). In the caveolin-1 or clathrin silenced
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FIGURE 2 | PLAG accelerates LPS-induced TLR4 endocytosis and rapid LPS clearance. Raw264.7 cells were treated with 100 ug/ml of PLAG or DMSO (as solvent
control) for 1 h and treated with 100 ng/ml LPS for 15, 30, 60, 120, and 180 min. Cells were then fixed and stained using rat anti-TLR4/MD2 antibody with
Alexa488-conjugated anti-rat IgG secondary antibody. These were analyzed by confocal microscopy (A) and flow cytometry (B). Raw264.7 cells stimulated under the
same conditions were fixed, permeabilized, and stained with rabbit anti-p47phox (C) and mouse anti-Rac1 (D), CM-H2DCFDA (E), or the LYSO-ID Lysosomal
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cells, endocytosis of TLR4 was not found (Figures 3E,F). These
results suggest that PLAG is working as a form of micelles and has
biological effects on the peripheral tissue containing cells which
express LPL, GPI-HBP-1.

PLAG Affects TRIF-Dependent Endosomal
Signaling Rather Than the Myd88 Pathway

After LPS Stimulation

LPS binding to the TLR4/MD2 complex activates two distinct
signaling pathways; the Myd88-dependent network is associated
with membrane-localized TLR4 receptors, whereas the TRIF-
dependent pathway is associated with endosomal signaling
(Figure 4A) (25). Above, we observed that treatment with PLAG
attenuates MIP-2 expression in lung tissue and BALF from LPS-
treated mice, which is mainly dependent on the TRIF adaptor
protein (Figures 1G-I). Therefore, to determine whether PLAG
modulates the TRIF- and/or the MyD88 dependent pathways,

Raw264.7 cells were transfected with specific siRNAs targeting
Myd88 and TIRAP, to block Myd88-dependent signaling, and
siRNAs for TRIF and TRAM, to inhibit TRIF-dependent
signaling; target mRNAs were all effectively downregulated
in siRNA-transfected cells (Figure4B). Notably, in TRIF-
and TRAM-silenced cells, the ability of PLAG to modulate
production of MIP-2 and IFN-f is completely abolished
(Figure 4C). However, in cells silenced for TIRAP or Myd88, the
effects of PLAG effect could still be observed in a dose-dependent
manner. This suggests that the ability of PLAG to modulate
MIP-2 and IFN-B expression is mainly dependent on TRIF
and the endosomal-associated signaling pathway. In contrast,
LPS-induced expression of IL-1 and TNEF, which is mediated by
membrane-localized TLR4 receptor, is not modulated by PLAG
(Figure 4C).

Modulation of TRIF signaling by PLAG in LPS-treated cells
was further investigated by assessing the modification of TLR4-
associated adaptor molecules. Assembled TLR4 adaptor proteins
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were precipitated using anti-TLR4/MD2 antibodies in LPS-
stimulated cells with or without PLAG. Association of TRIF
with TLR4/MD2 was detected at 30 min post-treatment and
maintained up to 120min in LPS-treated cells (Figure 4D).
In PLAG/LPS co-stimulated cells, TRIF and TLR4 assembly
initiates at 15 min post-treatment and complex disassembly was
detected 60 min after LPS treatment. Conversely, association
between Myd88 and TLR4 are unchanged in PLAG/LPS- vs. LPS-
stimulated cells. These data demonstrate that PLAG accelerates
the association and disassociation of TRIF and TLR4.

TRAM activation via phosphorylation recruits the TRIF
adaptor molecule to the TLR4 endosomal-signaling pathway
(26). Using anti-phospho-TRAM antibodies and western blot
analysis, we detected TRAM phosphorylation at 30 min post-
treatment, and this is sustained for up to 120 min in LPS-treated
cells (Figure 4E). In PLAG/LPS-treated cells, phosphorylation of
TRAM was found at 15min post-treatment and terminates by
60 min. Notably, this earlier activation and faster resolution of
TRAM phosphorylation in response to PLAG/LPS stimulation
was found to be specific for this molecule, as the phosphorylation
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FIGURE 4 | PLAG accelerates the LPS-induced TRIF-dependent endocytosis pathway. Schematic diagram of TLR4-mediated signaling in response to LPS and
PLAG/LPS in macrophages. TLR4 endocytosis by LPS treatment occurs and MIP-2 is produced by internalization signaling of TLR4, and neutrophils enter the alveoli.
In the macrophages treated with PLAG, TLR4 intercellular trafficking by LPS is promoted and the internalization signaling of TLR4 is terminated rapidly, resulting in
decreased expression of MIP-2, and reduction of neutrophil infiltration (A). Raw264.7 cells were transfected with siRNA targeting TRIF, TRAM, TIRAP, and Myd88, as
well as the scrambled control. After 24 h, target mRNA levels were assessed by RT-PCR (B). Transfected cells were then incubated with 10 or 100 pg/ml of PLAG or
DMSO (as solvent control) for 1 h and then stimulated with 100 ng/ml LPS for 16 h. Culture supernatants were assayed by ELISA to measure the secreted levels of
MIP-2, IFN-B, IL-18, and TNF (C). Raw264.7 cells were incubated with 100 pg/ml of PLAG or DMSO (as solvent control) for 1 h and then stimulated with 100 ng/ml
LPS for 15, 30, 60, and 120 min. Following immunoprecipitation with TLR4/MD2 antibodies, cell lysates were separated by SDS-PAGE and analyzed by immunoblot
analysis with antibodies to TRIF, Myd88, and TLR4 (D). The whole lysates were analyzed by immunoblot analysis to assess phosphorylation of TRAM or TIRAP (E)
and IRF3 or p65 (F). Total mMRNA was extracted from whole cells, and expression of MIP-2, IFN-B, IL-18, and TNF was assessed by RT-PCR (G). GAPDH used as
loading control. All Data represent one experiment performed in triplicate; *indicates p < 0.05.

of TIRAP is unchanged by addition of PLAG in LPS-stimulated
cells (Figure 4E).

IRF3 and NF-kB are the main transcription factors
activated in LPS-stimulated cells; these mediate activity of
the endosomal TLR4 receptor-dependent signaling pathway and
the membrane-localized TLR4 receptor-dependent signaling
pathway, respectively. Phosphorylation of IRF3 in response to
LPS stimulation can be detected at 30 min post-treatment and
is maintained up to 120min (Figure 4F). Co-treatment with
PLAG, however, accelerates IRF3 phosphorylation, resulting in a
peak at 15 min post-treatment, followed by a return to baseline
60 min after co-stimulation. Consistent with these data, MIP-2

and IFN-B mRNA transcripts, which are largely dependent on
the TRIF-dependent TLR4 signaling pathway, were detected
at 60 min post-stimulation and are sustained for 120 min in
LPS-treated cells (Figure 4G). PLAG co-treatment accelerates
the appearance of MIP-2 and IFN- transcripts, and their levels
return to control levels by 60 min. Consistent with our siRNA
data, we find that PLAG preferentially modulates expression of
MIP-2 and IFN-f, as the levels of IL-18 and TNF mRNA are
unaffected by PLAG. Collectively, these data suggest that rather
than acting as inhibitor, PLAG accelerates the response to LPS,
specifically TLR4-mediated endosomal signaling, and returns
cells to homeostasis in a shorter period of time.
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PLAG Functions via Micelle Formation in

an Endocytosis-Dependent Manner

PLAG is an acetylated DAG molecule that is utilized as
a structural lipid during micelle formation. Similar to
phosphatidylcholine, emulsified PLAG spontaneously forms
micelles in vitro (data not shown). One type of micelle, known
as a chylomicron, is generated in enterocytes and delivered
to peripheral tissues where fatty acids in the chylomicron
are distributed to cells with the aid of LPL and GPI-HBPI.
Dietary PLAG is also absorbed by enterocytes and delivered
as a component of chylomicrons into peripheral tissue (data
not shown). Because LPS-induced MIP-2 is modulated by
PLAG, we hypothesized that modulation of MIP-2 expression
in macrophages by PLAG might be dependent on micelle
formation. To test this, Raw264.7 cells were transfected with
siRNA targeting LPL or GPI-HBP1, and the downregulation
of their mRNA levels was confirmed in transfected cells
(Figure 5A). We then found that the decreased secretion of
MIP-2 and IFN-B observed PLAG/LPS-treated cells as compared
to cells treated with LPS alone was not observed in cells
silenced for LPL or GPI-HBP1 (Figure 5B); IL-1p and TNF
are unaffected. These data suggest that PLAG may function in
micelles, which are recognized by LPL and communicate with
cells via GPI-HBP1.

We next transfected Raw264.7 cells with siRNAs targeting
clathrin and caveolin-1, which are involved in TLR4-mediated
endocytosis, and confirmed their downregulation in siRNA-
transfected cells by RT-PCR (Figure 5C). As noted above, PLAG
co-treatment differentially decreases secretion of MIP-2 and IFN-
B in LPS-stimulated cells, but has no effect on IL1-f and TNF
(Figure 5D). In clathrin and caveolin-1 silenced cells, however,
secretion of MIP-2 and IFN-p is unaffected by PLAG treatment.
These data confirm that the biological role of PLAG in the
modulation of MIP-2 chemokine expression is dependent on
micelle formation and internalization of the TLR4 receptor.

PLAG Blocks Neutrophil-Mediated

Endothelial Permeability in vitro

The prominent phenotype of ALI is the massive infiltration of
neutrophils into the bronchoalveolar tissues, which results in
damage to the endothelial cells and/or loss of the endothelial
barrier (27). We therefore investigated whether PLAG protects
the integrity of the endothelial barrier using a Transwell assay.
For neutrophil cells, we used differentiated HL-60 cells, which
were cultured in the upper Transwell chambers. HUVEC cell
were plated on the Transwell inserts to act as endothelial
barrier cells, and THP-1 cells were used as chemokine-releasing
cells. Culture supernatants from LPS-stimulated THP-1 cells
contain secreted chemokines, particularly IL-8, and these were
placed in bottom Transwell chamber (Figure 6A). In this assay,
HL-60 cells in the upper chamber move toward the lower
chamber along chemokine gradients, which are provided by the
supernatant from the LPS-stimulated THP-1 cells. If neutrophil
transmigration occurs, proteins in the upper chamber move
across the endothelial HUVEC layer to lower chamber. Loading
of streptavidin-HRP in the upper chamber stains the plasma

proteins in cell supernatant, similar to Evans blue dye staining
of albumin in vivo. The migrated plasma proteins in the lower
chamber can then be detected by TMB substrate, and this can
be used to assess endothelial permeability. Using this assay,
we found that supernatant from PLAG/LPS-treated THP-1 cells
promote a markedly decreased level of LPS-induced endothelial
permeability and dHL-60 cell migration, with PLAG acting in
a dose-dependent manner (Figures 6B-D). These results were
confirmed by measuring migration of mouse bone marrow-
derived primary neutrophils in the same assay (Figures 6E,F).
Inhibitors of TLR4 or NOX were further shown to inhibit
primary neutrophil transmigration (Supplementary Figure 3).
Thus, our data indicate that PLAG can block excessive neutrophil
migration into bronchoalveolar tissues.

Confirmation of PLAG Therapeutic

Specificity by Use of PLAG Metabolites

To determine specificity of PLAG, an acetylated DAG, we
assessed the therapeutic efficacy of PLAG metabolites and
compared their biological efficacy in our animal model in
vivo. 1-palmitoyl-2-linoleoyl-3-hydroxyl-rac-glycerol (PLH) is a
DAG that consists of two fatty acid chains, palmitic acid and
linoleic acid. 1-hydroxyl-2-linoleoyl-3-hydroxyl-glycerol (HLH)
is composed of linoleic acid and a glycerol backbone. Linoleic
acid (LA) or palmitic acid (PA) was also used (Figure7A).
In our ALI animal model, LPS treatment via intranasal
administration induces massive neutrophil extravasation into
the alveolar cavity, which is easily detected in the BALF.
PLAG co-treated mice show a dramatically reduced number
of neutrophils in the BALE and counts rapidly return to a
normal status (Figures 1C, 7B). Conversely, PLH, HLH, LA,
and PA have no effect on the number of neutrophils in BALF
from LPS-treated mice (Figure7B). These data indicate that
PLAG has a specific role in blocking the excessive and sustained
neutrophil infiltration during LPS-induced ALI progression. In
LPS-stimulated Raw264.7 cells, TLR4/MD2 internalization is
observed at 30 min post-treatment and sustained for up to
120min. In contrast, PLAG co-treated cells show increased
TLR4/MD?2 internalization at 15 min, and TLR4 returns to the
surface at 60 min. However, co-treatment with PLH has no
effect on TLR4/MD2 internalization and return to the surface
(Figure 7C). These findings suggest that the acetylation of DAG
is a critical factor in blocking excessive neutrophil infiltration in
the ALI animal model and.

PLAG exerts a therapeutic effect in the ALI mouse model
when co-administered with LPS. Therefore, we next investigated
whether PLAG has the same effect when administered post-
treatment. To test this, mice were treated with LPS for 2h,
then PLAG was then administrated orally (Figure7D). We
found that the number of infiltrated neutrophils in BALF was
diminished by half in the post-treated mice, as compared to
those treated with LPS alone (Figure 7E). MIP-2 levels were
also significantly decreased in BALF from post-treated group
(Figure 7F). Thus, we propose that PLAG may hold potential a
therapeutic agent for treatment of inflammatory diseases, such
as ALL
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FIGURE 5 | PLAG functions via micelle formation. Raw264.7 cells were transfected with siRNA targeting LPL or GPI-HBP1, and after 24 h, expression of target genes
was assessed by RT-PCR (A). Transfected cells were incubated with 10 or 100 wg/ml of PLAG or DMSO (as solvent control) for 1 h and then treated with 100 ng/ml
LPS for 16 h. Culture supernatants were assayed by ELISA to measure secreted levels of MIP-2, IFN-B, IL-18, and TNF (B). Raw264.7 cells were transfected with
siRNA targeting clathrin or caveolin-1, and after 24 h, expression of target genes was assessed by RT-PCR (C). Transfected cells were then treated with 10 or

100 png/ml of PLAG or DMSO (as solvent control) for 1 h and stimulated with 100 ng/ml LPS for 16 h. Culture supernatants were analyzed by ELISA assay to measure
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DISCUSSION

In this study, we tested the therapeutic efficacy of the acetylated
DAG, PLAG, for preventing disease pathology in a mouse model
of ALI and observed significantly reduced lung inflammation
in animals co-treated with PLAG/LPS, as compared to LPS
alone (Figure 1). Histological examination showed that severe
pulmonary destruction, including bronchial alveolar tissue
damage and massive leukocyte infiltration, were observed in the
LPS-treated mice. In PLAG/LPS-treated mice, however, LPS-
induced ALI was not observed, and the morphology of all lung
tissue was similar to that of control mice. In addition, post-
treatment with PLAG also reduces the number of infiltrating
neutrophils in the alveolar tissue in this ALI mouse model
(Figures 7D-F). Further, we found that PLAG, an acetylated
DAG that is also found in nature, has a unique biological
effect in reducing the amount of infiltrating neutrophils into the

alveolar tissue when compared with a natural DAG (PLH), and
other PLAG metabolites (Figure 7B). These findings suggest that
PLAG might hold potential as a therapeutic agent for prevention

of lung inflammation.
PLAG is a synthetic monoacetyldiacylglyceride (17) and a

small lipid molecule. In our reports, the concentrations of PLAG
in plasma, whole blood, or/and lymph of rat, dog and monkey
were obtained measured using the LS-MS/MS method following
oral administration of a range of 500 between 4,000 mg/kg
of PLAG (unpublished data). Lymphatic exposure of PLAG
after oral administration is 10-100-fold increase than blood
exposure, and the biggest difference in the PLAG exposure
between lymph and blood system was observed in monkeys.
Generally, lipid is absorbed through enterocytes, reconstructed
with chylomicron, delivered to lymph, and then exposed to
blood system, and distributed throughout the body. To sum up
the above mentioned results, more than 75% of dosed PLAG
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was excreted by 24h and the Cmax 100 mg/kg was 38.8 ug  in the plasma and lymph fluid as minor components. However,
eq./mL in blood and 1,210 g eq./mL in lymph, respectively. =~ we already have checked the effects of the metabolites (e.g.,
The t1/2 100 mg/kg was 16.8 and 29.7 h, respectively. Based on ~ PLH, PA, LA, and HLH) on the neutrophil infiltration to the
these results, considering the time when PLAG is sufficiently  peripheral lung tissue in LPS-induced ALI model (Figure 7B).
exposed to the peripheral tissue, it was set at 16h postdose to ~ The metabolites of PLAG had no effect on the improvement
see the effects of removing LPS and then resolving systemic ~ of LPS-induced acute lung inflammation. In addition, the
inflammation to improve ALL. We have already described in  predominant components of the metabolite were suggested to
Figure 1E that the basis for selecting the ameliorating time of = be a mixture of various triglyceride. We have checked the
LPS-induced ALI to reduce neutrophil infiltration to the lung  effect of olive oil (composed with 13% saturated fats and
tissue was 16 h after the administration of PLAG. And we have  >85% unsaturated fats) on the neutrophil infiltration to the
shown that the most effective dose of PLAG in the improvement  inflamed peripheral tissue by the chemical damage (data not
of ALI was 250 mg/kg. Based on our tests, a simple calculation  shown). Likewise, the administration of olive oil was not affected
shows that the concentration of PLAG in the blood of mice to improve the tissue inflammation. Taken together, we are
administered with 250 mg/kg PLAG is likely to be greater than  convinced that the metabolites have little effect on the improving
about 100 pg/mL. Thus, for in vitro assay, the biological effects  effects of LPS-induced ALI and that PLAG is the critical
were verified by treating cells directly at concentrations of 10 to  effect molecule.
100 pg/mL PLAG. MIP-2 is a known intermediary chemoattractant for
Because PLAG is fat, the absorbed PLAG in the body is  neutrophils and plays a key role in inflammation-related
likely to decompose in the intestine and form metabolites  diseases, including arthritis, cancers, and pulmonary disease
through the recombination process. Therefore, we have checked ~ (28-31). LPS stimulation of bronchoalveolar tissue induces
the metabolite profiling of plasma and lymph fluid. Several secretion of numerous pro-inflammatory molecules, including
peaks in the plasma and the lymph fluid were evaluated  MIP-2. This chemokine likely contributes to the initiation and
quantitatively and qualitatively. In the plasma, the predominant  extension of inflammatory process and is often abundantly
component was suggested to be glucose in the mass spectrometric ~ detected at sites of tissue inflammation. Induction of MIP-2
analysis. In the lymph fluid, the predominant components by LPS treatment is mainly controlled by the TLR4-mediated
were suggested to be a mixture of various triglyceride in  endosome-dependent signaling pathway. Here, we found that
the mass spectrometric analysis. Unchanged EC-18 and PLH  PLAG exerts its biological effect by accelerating the endocytosis
(hydrolyzed form of acetate ester in EC-18) were also detected  and exocytosis of TLR4. PLAG co-treatment promotes earlier
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FIGURE 7 | The acetylation of diacylglycerol is critical for attenuating excessive neutrophil infiltration in the ALI model. Chemical structure diagram of PLAG and PLAG
metabolites: PLH, HLH, LA, and PA (A). Mice were divided into seven separate groups (n = 5 per group): control, LPS-treated, PLAG/LPS co-treated, LPS/PLH
co-treated, LPS/HLH co-treated, LPS/LA co-treated, and LPS/PA co-treated. Mice were treated as described in Figure 1A. LPS (25 mg/kg) was administered by an
intranasal route, and PLAG (250 mg/kg) or PLAG derivatives (250 mg/kg) were administered orally. After 16 h, BALF cells were counted (B). Raw264.7 cells were
incubated with 100 pg/ml PLAG, PLH, or DMSO (as solvent control) for 1 h and then treated with 100 ng/ml LPS for 15, 30, 60, or 120 min. Cells were fixed and
stained with rat anti-TLR4/MD2 antibody and Alexa488-conjugated anti-rat IgG secondary antibody (C). Mice were divided into four separate groups: control,
LPS-treated, PLAG/LPS co-treated, and PLAG/LPS post-treated (n = 4 per group). LPS (25 mg/kg) was administered by an intranasal route, and PLAG (250 mg/kg)
was administered orally. In the PLAG/LPS post-treated group, PLAG was administrated after 2 h of LPS treatment (D). Approximately 16 h after LPS administration,
mice were sacrificed, and the number of neutrophils in BALF were counted (E). Levels of secreted MIP-2 in BALF were measured using an ELISA assay (F). Data
represent four mice samples from each group. In vivo experiments were from at least three independent experiments, and the bar represents the mean.

Control

expression of MIP-2 and endosome-related signals in LPS-
stimulated Raw264.7 cells. Moreover, PLAG also induces a more
rapid return of the TLR4 receptor to the plasma membrane. This
suggests that PLAG effectively terminates endosome-dependent
signaling and turns oft MIP-2 expression in a shorter amount of
time than in cells stimulated with LPS alone. Also, we confirmed
that the use of inhibitors of CXCR2, a MIP-2 binding receptor,
completely reduced neutrophil infiltration to the lung of mice
with LPS treatment (data not shown). In this study, we focused
that MIP-2 (CXCL2 or CXCL8) is a main chemoattractant
for neutrophils. However, we also have confirmed that other
LPS-induced chemokines such as CXCL5, CCL2, and CCL5 were

reduced the mRNA expressions in BALF by PLAG co-treatment
(Supplementary Figure 2). The reason is that LPS-induced ALI
was promptly terminated by PLAG treatment. In other words,
rapid resolution of acute inflammation by PLAG showed the
reductions of other chemokines, its receptors, inflammatory
cytokine and damage-associated molecular patterns expression
in the lung of LPS-induced ALI mice. Generally, CCL2 and CCL5
are key chemokines that monocytes/macrophages to the site of
inflammation (32). CXCL5 is well-known to chemotactic and
activating functions on neutrophil and interacts with CXCR2
(33). CXCL5 is also known as epithelial-derived neutrophil
activating peptide. Although we have checked only the mRNA
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FIGURE 8 | PLAG prevents ALl through reduction of neutrophil transmigration via acceleration of TLR4 trafficking. A serial cascade is expected to occur following LPS
treatment, leading to the recruitment of neutrophils into the alveolar. (1) Exogenously injected LPS binds to MD2/TLR4 on the surface of macrophage in the alveoli,
resulting in activation of macrophage. (2) Activated TLR4 binds to endocytosis-dependent adaptor protein such as TRAM and TRIF, and internalized into intracellular.
Then, IRF3, which is a downstream of TLR4/TRAM/TRIF complex, is activated and acts as a transcription factor in the nucleus, (3a) expressing mRNA of MIP-2 and
induces the production of MIP-2 protein. MIP-2 produced from macrophage forms a concentration gradient to recruit neutrophils into alveoli. (3b) Internalization of
TLR4 also produces intracellular ROS. The generated ROS remove LPS and MIP-2 induces (4) transmigration and (5) recruitment of neutrophils into alveolar. Finally,
the superfluous recruited neutrophils will damage to host tissue and occur the inflammation. At this time, PLAG treatment promotes trafficking of TLR4 that occurs in
response to LPS on plasma membrane of macrophage. Therefore, PLAG induces rapid removal of LPS by promoting ROS generation time and induced rapid removal
of ROS. In addition, the duration of activation of IRF3 by internalization of TLR4 is reduced, which ultimately reduces the total amount of MIP-2 expression and
prevents the excessive recruitment of neutrophils to the alveolar space. Upon PLAG administration, LPS-induced neutrophil transmigration is attenuated via
acceleration of TLR4 trafficking.

expression of CXCL5 in BALE it is possible that the decrease  an excessive inflammatory response via effective control of
of CXCL5 expression also is regulated by PLAG. However, = MIP-2 expression. This is consistent with our previous reports,
the reduction of CXCL5 mRNA expression after LPS/PLAG  which showed PLAG efficacy in the control of inflammation.
co-treatment was a small difference. Therefore, these data  For example, PLAG improved survival in a mouse sepsis model,
suggest that PLAG acts as pro-resolving molecule by limiting  attenuated the infiltration of inflammatory cells into the airway

Frontiers in Immunology | www.frontiersin.org 122 September 2019 | Volume 10 | Article 2177


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Leeetal.

PLAG Rapidly Resolves LPS-Induced ALI

in a mouse asthma model, and exerted an anti-tumor effect in a
hamster biliary cancer model (34-36).

LPS stimulates TLR4-mediated endocytosis, and as noted
above, PLAG induces an earlier internalization of TLR4 in
cells treated with LPS. This internalization of TLR4 is also
critical for induction of MIP-2 expression. Evidence for the
role of PLAG in promoting endocytosis of TLR4 was further
obtained by demonstrating the earlier recruitment of NOX
subunits, p47phox and Racl, as well as earlier ROS generation
in cells co-treated with PLAG/LPS compared to LPS alone.
Notably, we further found that PLAG only exerts an effect
on the TLR4 TRIF-dependent endosomal-signaling pathway
and not on the Myd88-dependent pathway (Figure4). The
rapid induction and fast termination of TRIF-dependent TLR4
signaling by PLAG suggests that this molecule can promote
a faster return to homeostasis, thus avoiding unnecessary and
harmful inflammatory responses. We propose that this may
promote optimal ROS production for clearance of invading
pathogens without excessive host cell damage.

In this study, we developed the ALI mouse model by directly
and intranasally injecting 25 mg/kg of LPS into the mice. LPS
is a typical endotoxin derived from gram negative bacteria, and
have been widely utilized for nearly 100 years in bioresearch area
because it replicates much of physiology of infection-associated
disease including ALI, ARDS, and sepsis (37, 38). Despite its
simplicity in learning the molecular mechanism, we admit the
fact that the use of LPS has several inherent limitations. First, LPS
is one of components of various pathogen associated molecular
patterns (PAMPs) produced by gram-negative microorganisms
(37, 38). Therefore, LPS models neglects host interaction to other
gram-negative-derived PAMPs and infection to gram positive
bacteria and poly-microbes (37, 38). Second, ALI/ALDS models
can be developed via non-infectious methods such as acid
aspiration, hyperoxia, surfactant depletion and lung ischemia
reperfusion (39). In order to overcome these limitations, we
investigated whether PLAG shows the therapeutic efficacy in
acute pneumonia models by challenging both gram-negative and
-positive bacteria, and PLAG effectively regulated neutrophil
infiltration and clearance of invaded pathogens (data not shown).
In previous study, PLAG also effectively suppressed cigarette
smoke-induced neutrophilic inflammation in lung tissue by
regulating pro-inflammatory cytokine production and ROS
generation (40). Based on these observations, we are confident
that PLAG would have a similar therapeutic efficacy in multiple
and different ALI animal models.

In summary, as shown in Figure8, TLR4 on the surface
of macrophage recognizes LPS injected into the alveolar space
and internalized into cytosol. Internalization of TLR4 produces
two responses. First, it induces TLR4/TRAM/TRIF/IRF3/MIP-2
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