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Abstract: Shrimp allergy (SA) is pathological type 2 inflammatory immune responses against harm-
less shrimp protein allergen, which is caused by complex interactions between dendritic cells (DCs)
and other immune cells. Lipid metabolism in different DCs states are significantly changed. However,
the lipid metabolism of spleen DCs in SA remain ambiguous. In this study, we established a BALB/c
mouse shrimp protein extract-induced allergy model to determine the lipid profile of spleen DCs
in SA, and the molecular mechanism between lipid metabolism and immune inflammation was
preliminarily studied. Spleen DCs were sorted by fluorescence-activated cell sorting, and then widely
targeted lipidomics and transcriptomics analysis were performed. Principal component analysis
presented the lipidome alterations in SA. The transcriptomic data showed that Prkcg was involved in
lipid metabolism, immune system, and inflammatory signaling pathway. In the correlation analysis,
the results suggested that Prkcg was positively correlated with triacylglycerol (Pearson correlation
coefficient = 0.917, p = 0.01). The lipidomics and transcriptomics integrated pathway analysis in-
dicated the activated metabolic conversion from triacylglycerol to 1,2-diacyl-sn-glycerol and the
transmission of lipid metabolism to immune inflammation (from triacylglycerol and ceramide to
Prkcg) in SA spleen DCs, and cellular experiments in vitro showed that glyceryl trioleate and C16
ceramide treatment induced immune function alteration in DCs.

Keywords: shrimp allergy; lipid metabolism; dendritic cells; immune metabolism; lipidomics;
transcriptomics

1. Introduction

Allergic diseases are an increasing health and economic problem all over the world.
Food allergy impacts 1–2% of adults and 5–8% of infants and young children worldwide [1].
Shellfish belongs to the eight major food allergens and is a frequent elicitor of food-induced
anaphylaxis in Asia and central Europe [2,3]. It is estimated that 2% of Americans have
shellfish allergies [4]. Shellfish is the most common cause of allergic reactions, and shellfish
allergy accounts for the majority of emergency department visits related to severe food
allergies, making shellfish allergy an urgent public health problem [5,6]. Presently, the
methods for determining allergens in food mainly include methods based on protein and
methods based on nucleic acid. Methods based on protein can be divided into immuno-
analytical methods (such as enzyme-linked immunosorbent assay (ELISA), Western blot,
lateral flow immunoassay, biosensor, and protein chips) and mass spectrometry. Methods
based on nucleic acid mainly include polymerase chain reaction (PCR) and real- time PCR
(qPCR), loop-mediated isothermal amplification, and DNA microarray [7].
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The main effector cells involved in initiating and establishing allergic responses are
antigen-presenting cells (DCs), T helper 2 (Th2) cells, IgE-producing plasma cells, and mast
cells. When allergen enters the body through epithelial cells for the first time, it can be
modified by DCs and presented to naive CD4+T cells, which promotes the differentiation
of naive CD4+T cells into Th2 cells, secretes a large number of Th2 cytokines such as
interleukin −4 (IL-4), and induces B cells to produce allergen-specific IgE (sIgE), which
binds to immunoglobulin receptor I (FcεRI) with high affinity on mast cell membranes.
When there is re-exposure to the same allergen, the allergen directly cross-links with the
IgE-FcεRI complex bound on the membrane of mast cells, activates degranulation of mast
cells, and releases histamine and inflammatory mediators [8]. It can be concluded that
DCs are upstream of the initiation and maintenance of food allergy and are a bridge
between antigen and naive CD4+T cells in the pathogenesis of food allergy. DCs can
regulate the differentiation of CD4+T into Th1 or Th2 and exert immune function through
the expression of surface molecules, such as co-stimulating molecules CD40, B220, and
CD68, thus inducing immune skews [9]. Therefore, it is of great significance to study the
mechanism of DCs’ immune function in food allergy, and to develop new prevention and
treatment methods of food allergy based on DCs.

Significant differences in lipid metabolism can be found in different DC states (resting
or activated, immunogenic or immune tolerance) in different physiological and pathological
conditions (such as allergy [10], tumor [11], obesity [12], and asthma [13]). Reprogramming
of lipid metabolism plays a vital role in establishing and maintaining the phenotype and
function of DCs [14], and the pathological conditions can be regulated by regulating lipid
metabolism pathways. Yao et al. [15] reported that oleoylethanolamide downregulates
TLR4/NF-κB, the classical pathway leading to DCs’ maturation, through the activation of
TRPV1 and AMPK. Activated AMPK increases fatty acid oxidation (FAO) by inhibiting
CPT I, and melanoma induces FAO in DCs via the Wnt5a-β-catenin PPAR-γ signaling
pathway and upregulates the expression of CPT 1A in the tumor microenvironment [16].
Moreover, the induction of Th2-dependent eosinophilic airway inflammation can be pre-
vented by activation of PPAR-γ [17]. However, the lipid metabolism of spleen DCs in SA
remains ambiguous.

This study investigated the lipid profile of spleen DCs in SA by widely targeted
lipidomics and transcriptomics. Furthermore, we analyzed the correlation between lipid
metabolism and immune inflammation of DCs in SA, and the molecular mechanism
between lipid metabolism and immune function was preliminarily studied. These data
may provide evidence for further molecular mechanism study of the immune metabolism
of DCs in SA and enable new treatment targets/strategies. Since DCs are upstream of food
allergy, the regulation of DC immune function has great therapeutic potential for food
allergy. The results of the present study will make an important contribution to mitigating
SA from upstream of SA by regulating the DC immune function through lipid metabolism.

2. Materials and Methods
2.1. Experimental Animals

Forty-eight four-week-old female specific pathogen-free BALB/c mice (14–18 g) were
purchased from Vital River Laboratories (Beijing, China, SYXK (Jing) 2020-0052) and housed
at 23 ± 3 ◦C and 40–70% relative humidity with 12 h light/dark cycle. Mice had free access
to distilled water and a shrimp protein-free diet. Mice were adaptively fed for seven
days before the experiment. China Agricultural University’s Experimental Animal Ethics
Committee reviewed and approved the animal study (No. AW70101202-4-1).

2.2. Experimental Scheme

Mice were randomly divided into control group (CK) and SA group (24 mice in
each group). On day 0, 7, 14, 21, and 28, the mice received 250 µL saline or 250 µL
of shrimp protein extract (4.8 mg/mL) including 10 µg of CT by gavage in CK or SA,
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respectively [18,19]; 250 µL of shrimp protein extract (24 mg/mL) was used for challenge
by gavage on day 42.

2.3. sIgE and sIgG1 Analysis

On day 35 of the experiment, blood samples were collected from the orbital venous
plexus. After standing overnight at 4 ◦C, the samples were centrifuged at 3000× g and 4 ◦C
for 10 min to obtain serum. ELISA was used for sIgE and sIgG1 analysis as previously
described [20], with slight modifications. Briefly, 100 µL shrimp protein extract (4.8 mg/mL)
was used for 96-well plate coating and incubated overnight at 4 ◦C. The wells were washed
with 300 µL TBST buffer (0.1 M Tris, 0.15 M NaCl, 0.05% Tween-20, pH 7.5) and then blocked
with 200 µL blocking solution (5% skimmed milk powder in TBST) at 37 ◦C for 2.5 h. After
washing, 30 µL diluted sera (1:10 dilution for IgE, 1:800 dilution for IgG1) were added to
each well and incubated at 37 ◦C for 2 h. After washing, 100 µL of horseradish peroxidase
(HRP) conjugated rat anti-mouse IgE secondary antibody (1:5000 dilution, Abcam, UK) or
HRP conjugated goat anti-mouse IgG1 heavy chain secondary antibody (1:8000 dilution,
Abcam, UK) was added to each well and incubated at 37 ◦C for 1.5 h. After TBST washing,
100 µL of TMB substrate solution (Beyotime Biotech, Shanghai, China) was added to each
well. The plates were incubated at 37 ◦C for 20 min. The color reactions were stopped
with 50 µL stop solution (2 M H2SO4). The absorbance at 450 nm (OD450 nm) was read with
Varioskan Flash Spectral Scanning Multimode Reader (Thermo Fisher Scientific, Waltham,
USA). The experiment was performed in octuplicate and repeated three times.

2.4. Cytokine Measurement

Blood samples were collected as described above at 30 min after stimulation on day
42, and then serum was obtained by the protocol mentioned above. sIgE and sIgG1 were
analyzed by ELISA as described above. ELISA Kits (ebioscience, San Diego, USA) were
used to determine the serum histamine, IL-4, IFN-γ, and mMCP-1 levels following the
manufacturer’s recommendations. The experiment was performed in octuplicate and
repeated three times.

2.5. Assessment of Clinical Anaphylaxis and Body Temperature

After the shrimp protein extract challenge on day 42, the states of the mice were ob-
served for 30 min, and clinical anaphylaxis was scored. Clinical anaphylaxis was scored as
described by Li et al. [21]. In addition, to estimate body temperature, the rectal temperature
of mice was measured and recorded 10 min before challenge and 30 min after challenge
(at 10 min intervals) to assess their allergic responses. The experiment was performed
in octuplicate.

2.6. Preparation of Single Cell Suspension of Spleen

On day 42, mice were euthanized by cervical dislocation 1 h after challenge. As
previously described, spleens were dissected to prepare single cell suspensions [22]. After
filter through 100 µm cell strainer, cell suspension was spun down at 400× g 7 min, then,
the cell pellet was resuspended in 1 mL ice-cold PBS for subsequent analysis.

2.7. Fluorescent Staining for Flow Cytometer Analysis

For phenotypic analysis of DCs, single cell suspension was stained for 30 min on ice in
the dark with APC-CD11c, FITC-MHC II, and PerCP/Cyanine5.5-B220; APC-CD11c, FITC-
MHC II, and PE/Dazzle 594-CD40; or APC-CD11c, FITC-MHC II, and PE-CD68. Then,
FACSAria SORP (BD Biosciences, Australia) was used for fluorescence staining analysis.
The experiment was performed in triplicate. The fluorescently conjugated antibodies were
used for flow cytometer analysis (see Table 1).
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Table 1. Fluorescently conjugated antibodies for flow cytometry.

Surface Antigen Clone Source

CD11c N418 eBioscience
MHC class II M5/114.15.2 eBioscience

B220 RA3-6B2 eBioscience
CD40 3/23 Biolegend
CD68 FA-11 Biolegend

2.8. Isolation of Spleen DCs by Fluorescene-Activated Cell Sorting

For DCs sorting, single cell suspension was stained for 30 min on ice in the dark with
APC-CD11c and FITC-MHC II (eBioscience, San Diego, USA), then FACSAria SORP was
used for sorting CD11c+MHC II+DCs.

2.9. Lipid Extraction and Widely Targeted Lipidomics Analysis

Due to the small number of CD11c+MHC II+DCs that can be sorted in the spleen of
each mouse, we combined the DCs obtained by sorting from three mice as one sample,
and detected three samples in each group. Lipid extraction and widely targeted lipidomics
analysis was performed by Metware Biotechnology Co., Ltd. (Wuhan, China) according to
a previously reported study [23]. Briefly, each sample including 1 × 106 DCs was placed in
liquid nitrogen for 2 min, then thawed on ice for 5 min and vortex blended. This step was
repeated three times, then the sample was centrifuged at 5000 rpm and 4 ◦C for 1 min. Each
sample was mixed with 1 mL of the extraction solvent (tert-butyl methyl ether: methanol
= 3:1, v/v) containing the internal standard, and 200 µL of deionized water was added
after stirring for 15 min. The mixture was vortexed for 1 min and then centrifuged at
12,000 rpm for 10 min at 4 ◦C. Then, 500 µL of the upper organic layer was collected and
evaporated using a vacuum concentrator (Labconco, Kansas City, USA). The dry extract
was reconstituted using 200 µL of mobile phase B before LC-MS/MS analysis.

The sample extracts were analyzed using an LC-electrospray ionization (ESI) -
MS/MS system (UPLC, ExionLC AD, https://sciex.com.cn/, accessed on 15 May 2021;
MS, triple quadrupole-linear ion trap (QTRAP) System, https://sciex.com/, accessed on
15 May 2021). The analytical conditions were as follows: UPLC: column, Thermo Accucore
C30 (i.d.2.1 mm × 100 mm, 2.6 µm); solvent system, A: acetonitrile/water (60/40, v/v,
0.1% formic acid, 10 mM ammonium formate), B: acetonitrile/isopropanol (10/90, v/v,
0.1% formic acid, 10 mM ammonium formate); gradient program, A/B (80:20, v/v) at 0 min,
70:30 v/v at 2 min, 40:60 v/v at 4 min, 15:85 v/v at 9 min, 10:90 v/v at 14 min, 5:95 v/v
at 15.5 min, 5:95 v/v at 17.3 min, 80:20 v/v at 17.5 min, 80:20 v/v at 20 min; flow rate,
0.35 mL/min; temperature, 45 ◦C; injection volume: 2 µL.

LIT (linear ion trap) and triple quadrupole (QQQ) scans were acquired on a QTRAP-
MS, QTRAP LC-MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating
in positive and negative ion modes and controlled by Analyst 1.6.3 software (Sciex, Fram-
ingham, USA). The ESI source operation parameters were as follows: ion source, turbo
spray; source temperature, 500 ◦C; ion spray voltage, 5500 V (positive), −4500 V (negative);
ion source gas I, gas II, and curtain gas were set at 45, 55, and 35 psi, respectively; and the
collision gas was medium. Instrument tuning and mass calibration were performed using
10 and 100 µM polypropylene glycol solutions in the QQQ and LIT modes, respectively.
QQQ scans were acquired as multiple reaction monitoring (MRM) experiments with the
collision gas (nitrogen) set to 5 psi. Declustering potential and collision energy for individ-
ual MRM transitions were determined with further optimization. A specific set of MRM
transitions was monitored for each period according to the lipids eluted within this period.

Quality control, qualitative, and quantitative analysis of lipids were according to Yuan
et al. [23]. The statistical function prcomp function in R (version 3.6.3) was used to perform
unsupervised principal component analysis (PCA). The data were unit variance scaled [24]
(i.e., z-score normalization) before unsupervised PCA by setting the prcomp function
parameter scale = True. The hierarchical cluster analysis was carried out by R package Com-

https://sciex.com.cn/
https://sciex.com/
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plexHeatmap. Normalized signal intensities of lipids (unit variance scaling) were visualized
as a color spectrum. Significantly regulated lipids between groups were determined by
variable importance in projection (VIP) ≥ 1 and |log2 fold change| ≥ 1. VIP values were
derived from the orthogonal partial least squares discriminant analysis (OPLS-DA) result,
which was generated using the R package MetaboAnalystR (version 1.0.1). The data were
log transformed (log2) and mean centering was performed before OPLS-DA. In order to
avoid overfitting, a permutation test (200 permutations) was performed. The detected lipids
were annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) compound
database (http://www.kegg.jp/kegg/compound/, accessed on 28 May 2021), and the sig-
nificantly regulated lipids were mapped to the KEGG pathway database [25]. Significantly
enriched pathways were determined by the p-value of the hypergeometric tests.

2.10. RNA Sequence Analysis

Total RNA was extracted from the spleen cells of SA and CK group using TRIzol
reagent (Invitrogen, Waltham, USA) according to the manufacturer’s instructions. RNA
degradation and contamination monitoring, purity checks, concentration measurements,
integrity assessment, and generation of sequencing libraries were performed by Metware
Biotechnology Company according to the method described by Han et al. [26]. Index codes
were added to attribute sequences of each sample. The library preparations were sequenced
on an Illumina HiSeq platform (Illumina, San Diego, USA). The transcriptomic data were
available in the GenBank database under the BioProject accession number: PRJNA826371.

Differential expression between the SA and CK groups was analyzed using DESeq2
v1.22.1 [27]. For identifying differentially expressed genes (DEGs), |log2 fold change| ≥ 1
and p < 0.05 were used as the screening criteria. The enrichment analysis was performed
based on the hypergeometric test. A hypergeometric distribution test was performed
with the pathway unit for KEGG. Gsea-3.0.jar was used for gene set enrichment analysis
(GSEA). The experiment was performed with three mice in each sample and three samples
in each group.

2.11. Correlation Analysis of Transcriptome and Lipidome

Correlation analysis was performed on transcriptome and lipidome, and the Pearson
correlation coefficient (PCC) between transcriptome and lipidome was calculated using the
cor () function in R. Results with |PCC| > 0.8 were selected. To better understand the rela-
tionship between genes and lipids related to lipid metabolism and immune inflammation,
genes and lipids were simultaneously mapped to KEGG pathway maps.

2.12. Dendritic Cell Line DC2.4 Culture, Cell Treatment, and RNA Extraction

Dendritic cell line DC2.4 was purchased from Xiangf bio, Ltd. (Shanghai, China) and
cultured in RPMI1640 medium, supplemented with 10% FBS (GIBCO, Waltham, USA),
100 U/mL penicillin (Servicebio, Wuhan, China), and 0.1 mg/L streptomycin (Servicebio,
Wuhan, China). To assess the potential effect of triglyceride and ceramide on DC2.4, DC2.4
also was cultured in the above medium with glyceryl trioleate (500 µM, SIGMA, St. Louis,
MO, USA) and C16 ceramide (20 µM, Avanti, Birmingham, AL, USA), respectively, for
24 h, and then total RNA was isolated from DC2.4 according to a previously described
protocol [28] for real-time reverse transcriptase PCR (RT-qPCR) analysis. The experiment
was performed in triplicate and repeated three times.

2.13. RT-qPCR

The HiScript III RT SuperMix for qPCR (+gDNA wiper) (Vazyme, Nanjing, China) kit
was used for reverse transcription. Furthermore, Taq Pro Universal SYBR qPCR Master
Mix Kit (Vazyme, Nanjing, China) was used for RT-qPCR in the Bio-Rad iCycler iQ system
(Bio-Rad, USA). RT-qPCR was carried out under the following conditions: 95 ◦C for 30 s,
then 40 cycles (95 ◦C for 10 s and 60 ◦C for 30 s). The RT-qPCR primer sequences used
for β-actin, Prkcg, Pik3r1, Akt1, Stat3, Rela, Il4, Il12a, Cd68, and Ptprc (B220) are shown in

http://www.kegg.jp/kegg/compound/
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Table 2. The relative level (fold change (2−∆∆CT) or log2 fold change) for each transcript
was calculated. The experiment was performed in triplicate and repeated three times.

Table 2. Primer sequences used for RT-qPCR.

Primer
Primer Sequences

Forward Reverse

β-actin AAGTGTGACGTTGACATCCGTAAAG CAGCTCAGTAACAGTCCGCCTAGA
Prkcg CTCCGACGAACTCTATGCCATCAAG CCAATGCCAGGACACGCTTCTC
Pik3r1 TGTGGCACAGACTTGGTGTT TTCTTCCCTTGAGATGTCTCCC
Akt1 CCGCCTGATCAAGTTCTCCT TTCAGATGATCCATGCGGGG
Stat3 TGTCAGATCACATGGGCTAAAT GGTCGATGATATTGTCTAGCCA
Rela AGACCCAGGAGTGTTCACAGACC GTCACCAGGCGAGTTATAGCTTCAG
Il4 TACCAGGAGCCATATCCACGGATG TGTGGTGTTCTTCGTTGCTGTGAG

Il12a GACCTGTTTACCACTGGAACTA GATCTGCTGATGGTTGTGATTC
Cd68 GAAATGTCACAGTTCACACCAG GGATCTTGGACTAGTAGCAGTG
Ptprc GTTATCCACGCTGCTGCCTCAC TTGGCTGCTGAATGTCTGAGTGTC

2.14. Statistics

Data were analyzed using GraphPad Prism built-in tests. Statistical comparisons
were performed by unpaired t-test or Mann−Whitney test based on the normality of data.
Welch’s correction was used for unequal variances. Experimental data are expressed as
mean ± SEM. Significance was defined as p < 0.05.

3. Results
3.1. Shrimp Allergic Mouse Model Showed Typical Allergic Reactions

To determine whether the shrimp allergic model was successful, the allergic indexes of
mice after modeling were evaluated. On day 35 and 42 sIgE and sIgG1 were detected, and
there were significant difference between the CK and SA groups (p < 0.01, Figure 1A–D),
suggesting that the SA group showed strong antibody response. In this study, we further
observed the body temperature and clinical anaphylaxis of mice after challenge. Compared
with the CK group, the decrease in body temperature was greater (p < 0.05, Figure 1E), and
anaphylaxis score was significantly higher (p < 0.001, Figure 1F) in the SA group. These
results suggested that the SA group showed allergic reactions. The levels of histamine
and mMCP-1 in the SA group were significantly higher than in the CK group (p < 0.001,
Figure 1G,H), indicating severe degranulation in the SA group.

The levels of L-4 and IFN-γ released in SA and CK groups were also detected. In
the SA group, levels of IL-4 (Th2 related cytokines) were significantly higher than in the
CK group (p < 0.0001, Figure 1I), suggesting that shrimp protein can induce the secretion
of Th2-type cytokines and promote Th2-type immune response. In addition, the level of
IFN-γ in the SA group was significantly lower than in the CK group (p < 0.001, Figure 1J),
indicating that Th1 immune response in the SA group was suppressed. Taken together,
we can conclude that the shrimp allergic model was successfully established, and the
phenotype analysis of spleen DCs and fluorescence-activated cell sorting of spleen DCs
could be carried out.
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35; (C,D), sIgE and sIgG1 levels on day 42; (E,F), body temperature changes and anaphylaxis score 
after challenge. (G–J), histamine, mMCP-1, IL-4, and IFN-γ levels in each group. *, p < 0.05; **, p < 
0.01; ***, p < 0.001; ****, p < 0.0001. CK, control group; SA, shrimp allergy group. Square represent 
mice from SA group; Circle represent mice from CK group. n = 8. 
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p < 0.001; ****, p < 0.0001. CK, control group; SA, shrimp allergy group. Square represent mice from
SA group; Circle represent mice from CK group. n = 8.

3.2. SA Affected Lipid Metabolism and Immune Function of Spleen DCs

To assess whether SA could affect lipid metabolism and immune function of DCs
in spleen, the expression of surface receptors related to lipid absorption (CD68) and im-
mune function (B220, CD40) were examined by flow cytometry. As shown in Figure 2,
SA spleen DCs exhibited significantly higher expression of lipid scavenger receptors
CD68 (p < 0.001), and higher expression of plasmacytoid marker B220 and co-stimulatory
molecules CD40 with insignificant difference, which indicated the relationship between SA
and lipid metabolism and immune function of spleen DCs.
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3.3. Lipid Profile Distinguished Spleen DCs in SA from Normal

To determine the effect of SA on lipid metabolism of spleen DCs, we performed
widely targeted lipidomic analysis of DCs sorted from spleen. In total, 314 lipids were
identified, and 76 were found to be differentially accumulated in SA spleen DCs compared
to normal samples (6 higher and 70 lower) (Figure 3A). Lipidomic data were used for PCA
and the results showed that SA and CK groups can be completely distinguished, which
indicated that the lipid metabolism in the SA group was clearly different from that in
the CK group (Figure 3B). In accordance with PCA, hierarchical clustering analysis and
heatmap visualization showed a clear distinction between SA and non-allergic spleen DCs
(Figure 3C).
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Figure 3. Lipidomic analysis of spleen dendritic cells in control and shrimp allergy groups.
(A) volcano plot of the 314 lipids profile; (B) principal component analysis of the global spleen
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dritic cells) were clearly distinguished; (C) hierarchical clustering heatmap of lipids in normal and
shrimp allergy spleen dendritic cells; (D,E), KEGG pathway enrichment showed the most altered
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To obtain a global overview of altered biochemical processes of differentially accumu-
lated lipids (DALs), we performed KEGG pathway enrichment analysis and the results
were classified according to the pathway types. These functional approaches showed that
alterations in SA spleen DCs’ lipidome had the highest impact on vitamin digestion and
absorption, fat digestion and absorption, cholesterol metabolism, glycerolipid metabolism,
and insulin resistance (p < 0.05, Figure 3D,E).

3.4. Functional Enrichment of DEGs in SA

Compared to the CK group, the SA group showed 252 DEGs. Out of the 252 DEGs, 200
and 52 were up- and downregulated, respectively. To understand the biological implication
of DEGs, pathways significantly affected in the SA group were identified by functional
enrichment analysis. In this study, pathways were shortlisted based on their relevance to the
biological processes that are important for shrimp allergic pathogenesis and development
and the results showed that SA significantly affected lipid metabolism, immune system,
and inflammatory signaling pathways: for example, fat digestion and absorption and
phosphatidylinositol signaling system in lipid metabolism; endocytosis, endocrine and
other factor-regulated calcium reabsorption, and glucagon signaling pathway in immune
system. Viral protein interaction with cytokine and cytokine receptors and inflammatory
mediator regulation of TRP channels in inflammatory signaling pathways were significantly
affected in the SA group (p < 0.05, Figure 4A).
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Protein kinase C gamma type (PRKCG), an important enzyme that can be activated by
calcium and second messenger diacylglycerols (DAGs), was found involved in all of the
three physiological system (lipid metabolism, immune system, and inflammatory signaling
pathways) (Figure 4B). These results indicated that lipid metabolism was involved in SA
and might have an important impact on the inflammatory response and immune system.

3.5. GSEA of B220, CD40, and CD68 Related Gene Sets

To evaluate the potential molecular mechanism of B220, CD40, and CD68 high expres-
sion in SA spleen DCs, gene sets related to B220, CD40, and CD68 in the KEGG signaling
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pathway (B220 (ko04514, ko05340), CD40 (ko04514, ko05340), CD68 (ko04142)) (Table S1)
were selected for GSEA [29]. The results showed that the gene set of ko04514 was up-
regulated in SA (Figure 5A, normalized enrichment score = 1.43, nominal p value = 0.028,
FDR = 0.052), and gene sets ko05340 and ko04142 were not significantly enriched, which
indicated that SA affected the expression profile of B220 and CD40. Thirty-two genes
contributed to the leading-edge subset within the ko04514 gene set, depicting histocom-
patibility, cadherin, cell adhesion molecule, histocompatibility 2-T region locus 24, acti-
vated leukocyte cell adhesion molecule, and protein tyrosine phosphatase receptor type C
(Figure 5B).
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3.6. Correlation Analysis Based on Transcriptome and Lipidome

In Section 3.4, we found that Prkcg was involved in all of the three physiological
systems. To investigate the latent associations among Prkcg and lipids, correlation analysis
were carried out based on transcriptome and lipidome. The correlation analysis results
with |PCC| > 0.8 and the correlation coefficient of Prkcg with lipids (|PCC| > 0.8) are
shown in Figure 6. The 1© and 9© quadrants indicate that DEGs and DALs have inconsistent
regulation trends, the DALs may be negatively regulated by DEGs; the 2© and 8© quadrants
indicate that the genes have not changed, and lipids are up- or downregulated; the 3© and
7© quadrants indicate that DEGs and DALs have consistent regulatory trends, the DALs

may be positively regulated by DEGs; the 4© and 6© quadrants indicate that the lipids have
not changed, and genes are up- or downregulated; the 5© quadrant indicates that the genes
and lipids are not significantly changed. Through correlation analysis, we found that the
correlation of Prkcg and triacylglycerol (TAGs) was in 7© quadrant and had the maximum
|log2 fold change| (2.623), suggesting that Prkcg was positively correlated with TAGs.
However, the other lipids (|PCC| with Prkcg was greater than 0.8) were not significantly
accumulated in SA.
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significantly changed and genes were not significantly changed; red dots represent that genes were
significantly changed and lipids were not significantly changed; blue dots represent that genes and
lipids were significantly changed. The number in brackets represents the number of dots; (B) lipids
associated with Prkcg (|PCC| > 0.8).

3.7. Pathway Analysis Based on Lipidome and Transcriptome

To anchor the lipids and genes related to lipid metabolism and immune inflammation
in SA spleen DCs, genes and lipids were simultaneously mapped to KEGG pathway maps
(Tables S2 and S3). The anchored DEG was validated by RT-qPCR (Figure S1).

As shown in Figure 7, of a total of nine specific lipids, three increased (phosphatidyleth
anolamine, phosphatidylserine, and 1,2-diacyl-sn-glycero-3-phosphocholine) and four de-
creased (1-acyl-sn-glycero-3-phosphoethanolamine, TAGs, DAGs, and ceramide) and were
mapped in the pathway diagram. One of the most eye-catching features in this diagram
is the activated metabolic conversion from TAGs to DAGs and the transmission of lipid
metabolism to immune inflammation (from TAGs and ceramide to Prkcg) in SA spleen
DCs. A comprehensive analysis of the annotated pathway maps ko00561 (Figure S2),
ko04070 (Figure S3), ko04931 (Figure S4), ko04722 (Figure S5), ko04071 (Figure S6), and
ko04920 (Figure S7) showed that DAGs and TAGs were positively correlated with Prkcg
(Figures S2 and S3). Ceramide inhibited AKT and PI3K (Figures S4 and S5). In addition,
ceramide was positively correlated with Prkcg (Figure S6) and Prkcg was positively corre-
lated with NF-κB (Figure S7). In this study, the transcriptome and lipidome showed that
Prkcg, TAGs, and ceramide were decreased in SA, which was consistent with the positive
relationship between Prkcg with TAGs and ceramide. We also found that the transcription
factors (AKT, PI3K) were upregulated in SA, which was also consistent with the negative
relationship between ceramide with AKT and PI3K. Highly expressed AKT and PI3K could
stimulate the NF-κB signaling pathway (Figure S5), and then cause inflammatory responses.
Comprehensively, changes in lipid metabolism (including decreases in TAGs, ceramide,
and DAGs) could cause immune inflammation.
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3.8. Glyceryl Trioleate and C16 Ceramide Affected the Immune Function of Dendritic Cell
Line DC2.4

To further determine the effect of TAG and ceramide on the immune function of DCs,
we treated the dendritic cell line DC2.4 with glyceryl trioleate and C16 ceramide, and then
the expression of Prkcg, Pik3r1, Akt1, Stat3, Rela, Il4, Il12a, Cd68, and Ptprc was detected by
RT-qPCR. Glyceryl trioleate treatment significantly upregulated Prkcg expression, whereas
C16 ceramide upregulated Prkcg expression with insignificant difference (Figure 8A). Both
glyceryl trioleate and C16 ceramide treatments caused a significant decrease in the expres-
sion of Pik3r1, but not Akt1 (Figure 8B,C). In addition, C16 ceramide significantly reduced
the expression of Stat3 and Rela in DC2.4, while glyceryl trioleate did not (Figure 8D,E).
Moreover, glyceryl trioleate significantly decreased the expression of Il4, a cytokine that in-
duces Th2 cell differentiation, and significantly increased the expression of Il12a, a cytokine
that induces Th1 differentiation. Although ceramide also slightly decreased DC2.4 Il4 ex-
pression and increased Il12a expression, there were no significant differences (Figure 8F,G).
This suggested that glyceryl trioleate can improve the Th2 immune skew that causes SA.
Furthermore, C16 ceramide significantly decreased the expression of Cd68, a lipid scav-
enger receptor of DCs (Figure 8H). However, glyceryl trioleate and C16 ceramide slightly
decreased the expression of Ptprc (B220) in DC2.4 with no significant difference (Figure 8I).
These results suggested that glyceryl trioleate and C16 ceramide can affect the immune
function of DCs.
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4. Discussion

Shrimp is a delicacy widely eaten by consumers worldwide. However, SA is often
associated with severe allergic reactions [30], including life-threatening anaphylaxis [31].
Therefore, SA has become a major public health concern. Presently, lipid metabolism of DCs,
the main immune cells involved in allergic diseases, has been found to be altered in asthma
and tumors [14,17,32]. Systematic elucidation of lipid metabolism and its correlation with
immune function in SA spleen DCs is of critical significance.
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Figure 8. Effects of glyceryl trioleate and C16 ceramide treatment on the expression of Prkcg
(A), Pik3r1 (B), Akt1 (C), Stat3 (D), Rela (E), Il4 (F), Il12a (G), Cd68 (H), and Ptprc (I) in DC2.4. DC2.4
was treated with glyceryl trioleate (500 µM) or C16 ceramide (20 µM) for 24 h, and then the expression
of Prkcg, Pik3r1, Akt1, Stat3, Rela, Il4, Il12a, Cd68, and Ptprc were detected by RT-qPCR. *, p < 0.05;
**, p < 0.01; ns, no significance. CK, control group; Gly, glyceryl trioleate treated group; Cer, C16
ceramide treated group. n = 3.

4. Discussion

Shrimp is a delicacy widely eaten by consumers worldwide. However, SA is often
associated with severe allergic reactions [30], including life-threatening anaphylaxis [31].
Therefore, SA has become a major public health concern. Presently, lipid metabolism of DCs,
the main immune cells involved in allergic diseases, has been found to be altered in asthma
and tumors [14,17,32]. Systematic elucidation of lipid metabolism and its correlation with
immune function in SA spleen DCs is of critical significance.

In this study, the SA group showed allergic responses, such as increased sIgE, sIgG1,
histamine, mMCP-1, anaphylaxis score, and IL-4, decreased IFN-γ and body temperature,
which were consistent with previous study [33,34]. DCs as antigen-presenting cells par-
ticipate in allergies by expressing B220 and CD40 [35,36]. According to the research of
Ibrahim et al. [9], high-lipid-content DCs exhibited modestly higher expression of the lipid
scavenger receptor CD68. Thus, the levels of functional markers (B220, CD40, and CD68)
of DCs in spleen were also determined by flow cytometry in this study. Populations of
CD11c+MHC II+CD68+DCs increased in SA mice, suggesting an important role of lipid
metabolism (high CD68 expression) in SA spleen DCs.

Widely targeted lipidomics revealed a massive change in lipid levels with accumula-
tions of many glycerophospholipids and depletion of TAGs, DAGs, and ceramide. These
changes, in association with a decreased expression of genes involved in lipid metabolism
(Prkcg), were suggestive of an altered lipid metabolism in SA spleen DCs. Glycerophos-
pholipids have been experimentally shown to be involved in allergic sensitization, such as
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phospatidylcholine [37], which was also increased in this study. Currently, there are few
studies on the role of TAGs in spleen DCs in food allergies. A previous report indicated
that maternal plasma TAGs are important for food allergy outcomes in the offspring [38].
Maternal TAGs with 41–52 carbons and 0–4 double bonds are associated with greater risk
of food allergies, whereas TAGs with 56–60 carbons and 5–12 double bonds are signif-
icantly associated with lower risk of food allergies in offspring [39]. In this study, the
carbon chains of differentially accumulated TAGs were 40–54 and double bonds were 0–7.
However, TAGs were downregulated in the SA group, which was contrary to the finding
of Hong et al. [39]. Therefore, the role of TAGs in SA spleen DCs needs further research.
DAGs, involved in numerous cell signaling cascades that support glycerolipid biosynthesis
and regulate protein kinase C (PKC) [40], were downregulated in the SA group, which
was consistent with the finding of Bao et al. [41]. PKCγ (encoded by Prkcg gene), a serine-
and threonine- specific protein kinase that can be activated by DAGs, is the main enzyme
related to the metabolism and immune function of DAGs. Winkler et al. [42] reported that
increased PKCγ activity impairs dendritic development. In this study, the levels of Prkcg
and DAGs were downregulated, which may affect the dendritic development of DCs, and
then affect the immune function of DCs in SA.

Through KEGG enrichment analysis of DEGs, we did not find DEGs related to B220,
CD40, and CD68. Therefore, we performed GSEA analysis by all genes on ko04514, ko05340,
and ko04142, which related to B220, CD40, and CD68. We found that the gene set of
ko04514 (B220, CD40) was upregulated in SA, and the gene set of ko04142 (CD68) was not
significantly enriched. A possible explanation for this might be that translation occupies
a major position in the expression of CD68, which was consistent with the finding of
Wang et al. [43].

To investigate the effects of lipid metabolism on immune function of SA spleen DCs,
pathway analysis based on lipidome and transcriptome was performed. Briefly, lipid
metabolism influenced immune and inflammatory signaling pathways through the reg-
ulation of Prkcg by DAGs, TAGs, and ceramide. The binding of DAGs to a conserved C1
domain in PKC leads to the plasma membrane translocation and activation of the latter [44].
Studies have reported that PKC mediates NF-κB activation [45,46]. In our study, Prkcg
was downregulated and Rela was insignificantly changed. It was inferred that PKC may
function through the dissociation of NF-κB in SA spleen DCs as a pathway map (Figure S7)
presented, but had no effect on, the expression of Rela. Kitatani et al. [47] and Kim et al. [48]
have reported that ceramide mediates the PI3K/AKT pathway inactivation. In our study,
ceramide was downregulated and PI3K/AKT was upregulated. It was inferred that ce-
ramide mediates the PI3K/AKT inactivation in SA spleen DCs, which was consistent with
previous study [47,48]. PI3K/AKT has been suggested to function as an IKK (IκB kinase)
kinase [49,50]. NF-κB regulates diverse cellular activities associated with inflammation,
and innate and adaptive immune responses, which play an important role in allergic dis-
ease [51–54]. Studies also have shown that ceramide has certain interactions with PKC [55]
and STAT3 [56]. PKC and ceramide can also activate the STAT3 pathway and then act on
NF-κB and PTPRC, thus regulating allergic reaction [57–59]. Therefore, DAGs, TAGs, and
ceramide may affect SA through Prkcg, which may have great significance in regulating
inflammation related to SA.

We validated the lipidome and transcriptome based pathway analysis by cellular
experiments in vitro. The expression of Prkcg in DC2.4 was significantly increased after
treatment with exogenous glyceryl trioleate, which was consistent with the positive correla-
tion between TAGs and Prkcg as determined by the lipidomics and transcriptomics in this
study. Similarly, exogenous glyceryl trioleate and C16 ceramide treatment caused a signifi-
cant decrease in Pik3r1, which was also consistent with the lipidome and transcriptome.
Interestingly, C16 ceramide significantly reduced the expression of Stat3 and Rela, whereas
glyceryl trioleate did not. However, glyceryl trioleate caused significant changes in the
expression of Il4 and Il12a. A possible explanation for this might be that protein expression,
activation or nuclear translocation of RELA plays a crucial role in the expression of Il4
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and Il12a [60–62], and the specific relationship between Prkcg and Rela in SA spleen DC
needs further research. C16 ceramide treatment significantly reduced the expression of
Cd68 in DC2.4, and both glyceryl trioleate and C16 ceramide treatment slightly reduced
the expression of Ptprc (B220), all of which were consistent with the negative correlation
between lipids (TAGs and ceramides) and phenotypes (CD68 and B220) in lipidomics and
cell phenotype results in this study. These data provide evidence for further investigation
of the exact mechanism by which TAGs and ceramide affect DC immune function in SA.

5. Conclusions

In conclusion, shrimp protein extracts could induce remarkable allergic reactions and
noteworthy alteration of lipids in spleen DCs, demonstrating that shrimp allergen sensitiza-
tion might cause disturbance of lipid metabolism, which further confirmed the relationship
between SA and lipid metabolism. The pathway analysis based on transcriptome and
lipidome indicated the transmission of lipid metabolism to immune inflammation (from
TAGs and ceramide to Prkcg) in SA spleen DCs, and the molecular mechanism between
lipid metabolism and immune function in DCs was preliminarily studied via in vitro cellu-
lar experiments. These results indicated that exogenous glyceryl trioleate and ceramide
may have a regulatory effect on the immune function of DCs, and improve the Th2 immune
skew induced by shrimp allergenic protein, thereby mitigating SA. This has implications
for mitigating SA through dietary supplementation with specific glyceryl trioleate and
ceramide. However, further studies are needed to reveal the exact mechanism and pro-
vide convincing evidence for the application of lipid metabolism regulation as anti-allergy
methods based on DCs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/xxx/s1. Figure S1: RT-qPCR validation of anchored DEG in pathway analysis.
The data are presented as mean ± SEM; Figure S2: Annotated pathway map ko00561; Figure S3:
Annotated pathway map ko04070; Figure S4: Annotated pathway map ko04931; Figure S5: Annotated
pathway map ko04722; Figure S6: Annotated pathway map ko04071; Figure S7: Annotated pathway
map ko04920; Table S1: Gene sets of ko04514, ko05340, and ko04142; Table S2: Lipidomic data set;
Table S3: Transcriptomic dataset.

Author Contributions: Conceptualization, S.S.; data curation, S.S.; formal analysis, G.L.; funding
acquisition, H.C.; investigation, M.L.; methodology, S.S. and J.L.; project administration, H.C.; re-
sources, J.W.; software, S.S. and H.D.; supervision, H.C.; validation, S.S., H.D. and G.L.; visualization,
S.S., G.L. and M.L.; writing—original draft, S.S.; writing—review and editing, S.S., J.L. and S.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Beijing Municipal Natural Science Foundation, grant
number 7202100.

Institutional Review Board Statement: The animal study protocol was approved by Experimental
Animal Ethics Committee of China Agricultural University (protocol code No. AW70101202-4-1 on
11 March 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data regarding this work are presented in this manuscript.

Acknowledgments: This work was supported by the 2115 Talent Development Program of China
Agricultural University. We are grateful to Wuhan Metware Biotechnology Co., Ltd. for assisting in
sequencing and bioinformatics analysis.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/xxx/s1
https://www.mdpi.com/xxx/s1


Foods 2022, 11, 1882 17 of 19

References
1. Pawankar, R.; Canonica, G.; Holgate, S.; Lockey, R.F.; Blaiss, M. World Allergy Organization (WAO) White Book on Allergy, Update;

World Allergy Organization: Milwaukee, WI, USA, 2013.
2. WHO; FAO. Joint FAO/WHO Expert Consultation on Allergenicity of Foods Derived from Biotechnology. In Proceedings of the

Evaluation of Allergenicity of Genetically Modified Foods: Report of a Joint FAO/WHO Expert Consultation on Allergenicity of
Foods Derived from Biotechnology, Rome, Italy, 22–25 January 2001.

3. Cardona, V.; Ansotegui, I.J.; Ebisawa, M.; El-Gamal, Y.; Rivas, M.F.; Fineman, S.; Geller, M.; Gonzalez-Estrada, A.;
Greenberger, P.A.; Borges, M.S. World allergy organization anaphylaxis guidance 2020. World Allergy Organ. J. 2020,
13, 100472. [CrossRef] [PubMed]

4. Sicherer, S.H.; Muñoz-Furlong, A.; Sampson, H.A. Prevalence of seafood allergy in the United States determined by a random
telephone survey. J. Allergy Clin. Immunol. 2004, 114, 159–165. [CrossRef] [PubMed]

5. Ruethers, T.; Taki, A.C.; Johnston, E.B.; Nugraha, R.; Le, T.T.K.; Kalic, T.; McLean, T.R.; Kamath, S.D.; Lopata, A.L. Seafood allergy:
A comprehensive review of fish and shellfish allergens. Mol. Immunol. 2018, 100, 28–57. [CrossRef] [PubMed]

6. Wong, L.; Tham, E.H.; Lee, B.W. An update on shellfish allergy. Curr. Opin. Allergy Clin. Immunol. 2019, 19, 236–242. [CrossRef]
7. Sena-Torralba, A.; Pallás-Tamarit, Y.; Morais, S.; Maquieira, Á. Recent advances and challenges in food-borne allergen detection.

TrAC Trends Anal. Chem. 2020, 132, 116050. [CrossRef]
8. Amin, K. The role of mast cells in allergic inflammation. Respir. Med. 2012, 106, 9–14. [CrossRef]
9. Ibrahim, J.; Nguyen, A.H.; Rehman, A.; Ochi, A.; Jamal, M.; Graffeo, C.S.; Henning, J.R.; Zambirinis, C.P.; Fallon, N.C.;

Barilla, R.; et al. Dendritic cell populations with different concentrations of lipid regulate tolerance and immunity in mouse and
human liver. Gastroenterology 2012, 143, 1061–1072. [CrossRef]

10. Sun, S.; Gu, Y.; Wang, J.; Chen, C.; Han, S.; Che, H. Effects of Fatty Acid Oxidation and Its Regulation on Dendritic Cell-Mediated
Immune Responses in Allergies: An Immunometabolism Perspective. J. Immunol. Res. 2021, 2021, 7483865. [CrossRef]

11. Zhang, C.; Yue, C.; Herrmann, A.; Song, J.; Egelston, C.; Wang, T.; Zhang, Z.; Li, W.; Lee, H.; Aftabizadeh, M. STAT3 activation-
induced fatty acid oxidation in CD8+ T effector cells is critical for obesity-promoted breast tumor growth. Cell Metab. 2020, 31,
148–161. [CrossRef]

12. Lee, J.; Choi, J.; Alpergin, E.S.S.; Zhao, L.; Hartung, T.; Scafidi, S.; Riddle, R.C.; Wolfgang, M.J. Loss of hepatic mitochondrial
long-chain fatty acid oxidation confers resistance to diet-induced obesity and glucose intolerance. Cell Rep. 2017, 20, 655–667.
[CrossRef]

13. Arita, M. Eosinophil polyunsaturated fatty acid metabolism and its potential control of inflammation and allergy. Allergol. Int.
2016, 65, 2–5. [CrossRef]

14. Herber, D.L.; Cao, W.; Nefedova, Y.; Novitskiy, S.V.; Nagaraj, S.; Tyurin, V.A.; Corzo, A.; Cho, H.-I.; Celis, E.; Lennox, B. Lipid
accumulation and dendritic cell dysfunction in cancer. Nat. Med. 2010, 16, 880. [CrossRef] [PubMed]

15. Yao, E.; Zhang, G.; Huang, J.; Yang, X.; Peng, L.; Huang, X.; Luo, X.; Ren, J.; Huang, R.; Yang, L. Immunomodulatory effect of
oleoylethanolamide in dendritic cells via TRPV1/AMPK activation. J. Cell. Physiol. 2019, 234, 18392–18407. [CrossRef] [PubMed]

16. Zhao, F.; Xiao, C.; Evans, K.S.; Theivanthiran, T.; DeVito, N.; Holtzhausen, A.; Liu, J.; Liu, X.; Boczkowski, D.; Nair, S.; et al.
Paracrine Wnt5a-β-Catenin Signaling Triggers a Metabolic Program that Drives Dendritic Cell Tolerization. Immunity 2018, 48,
147–160.e7. [CrossRef] [PubMed]

17. Hammad, H.; de Heer, H.J.; Soullié, T.; Angeli, V.; Trottein, F.; Hoogsteden, H.C.; Lambrecht, B.N. Activation of peroxisome
proliferator-activated receptor-γ in dendritic cells inhibits the development of eosinophilic airway inflammation in a mouse
model of asthma. Am. J. Pathol. 2004, 164, 263–271. [CrossRef]

18. Jiang, S.; Han, S.; Chen, J.; Li, X.; Che, H. Inhibition effect of blunting Notch signaling on food allergy through improving
TH1/TH2 balance in mice. Ann. Allergy, Asthma Immunol. 2017, 118, 94–102. [CrossRef] [PubMed]

19. Sun, S.; Jiang, S.; Wang, J.; Chen, C.; Han, S.; Che, H. Cholera toxin induces food allergy through Th2 cell differentiation which is
unaffected by Jagged2. Life Sci. 2020, 263, 118514. [CrossRef] [PubMed]

20. Shi, C.; Pan, T.; Cao, M.; Liu, Q.; Zhang, L.; Liu, G. Suppression of Th2 immune responses by the sulfated polysaccharide from
Porphyra haitanensis in tropomyosin-sensitized mice. Int. Immunopharmacol. 2015, 24, 211–218. [CrossRef] [PubMed]

21. Li, X.; Schofield, B.H.; Huang, C.-K.; Kleiner, G.I.; Sampson, H.A. A murine model of IgE-mediated cow’s milk hypersensitivity.
J. Allergy Clin. Immunol. 1999, 103, 206–214. [CrossRef]

22. Tavernier, S.J.; Osorio, F.; Janssens, S.; Lambrecht, B.N. Isolation of splenic dendritic cells using fluorescence-activated cell sorting.
Bio-Protoc. 2015, 5, e1415. [CrossRef]

23. Yuan, X.; Hu, S.; Li, L.; Han, C.; Liu, H.; He, H.; Xia, L.; Hu, J.; Hu, B.; Ran, M. Lipidomics profiling of goose granulosa cell model
of stearoyl-CoA desaturase function identifies a pattern of lipid droplets associated with follicle development. Cell Biosci. 2021,
11, 1–17. [CrossRef] [PubMed]

24. Li, Y.; Wang, J.; Wang, K.; Lyu, S.; Ren, L.; Huang, C.; Pei, D.; Xing, Y.; Wang, Y.; Xu, Y. Comparison analysis of widely-targeted
metabolomics revealed the variation of potential astringent ingredients and their dynamic accumulation in the seed coats of both
Carya cathayensis and Carya illinoinensis. Food Chem. 2022, 374, 131688. [CrossRef] [PubMed]

25. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]

http://doi.org/10.1016/j.waojou.2020.100472
http://www.ncbi.nlm.nih.gov/pubmed/33204386
http://doi.org/10.1016/j.jaci.2004.04.018
http://www.ncbi.nlm.nih.gov/pubmed/15241360
http://doi.org/10.1016/j.molimm.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/29858102
http://doi.org/10.1097/ACI.0000000000000532
http://doi.org/10.1016/j.trac.2020.116050
http://doi.org/10.1016/j.rmed.2011.09.007
http://doi.org/10.1053/j.gastro.2012.06.003
http://doi.org/10.1155/2021/7483865
http://doi.org/10.1016/j.cmet.2019.10.013
http://doi.org/10.1016/j.celrep.2017.06.080
http://doi.org/10.1016/j.alit.2016.05.010
http://doi.org/10.1038/nm.2172
http://www.ncbi.nlm.nih.gov/pubmed/20622859
http://doi.org/10.1002/jcp.28474
http://www.ncbi.nlm.nih.gov/pubmed/30895621
http://doi.org/10.1016/j.immuni.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29343435
http://doi.org/10.1016/S0002-9440(10)63116-1
http://doi.org/10.1016/j.anai.2016.10.024
http://www.ncbi.nlm.nih.gov/pubmed/28007091
http://doi.org/10.1016/j.lfs.2020.118514
http://www.ncbi.nlm.nih.gov/pubmed/33010283
http://doi.org/10.1016/j.intimp.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25499728
http://doi.org/10.1016/S0091-6749(99)70492-6
http://doi.org/10.21769/BioProtoc.1415
http://doi.org/10.1186/s13578-021-00604-6
http://www.ncbi.nlm.nih.gov/pubmed/34022953
http://doi.org/10.1016/j.foodchem.2021.131688
http://www.ncbi.nlm.nih.gov/pubmed/34915369
http://doi.org/10.1093/nar/28.1.27


Foods 2022, 11, 1882 18 of 19

26. Han, B.; Li, X.; Ai, R.-S.; Deng, S.-Y.; Ye, Z.-Q.; Deng, X.; Ma, W.; Xiao, S.; Wang, J.-Z.; Wang, L.-M. Atmospheric particulate matter
aggravates CNS demyelination through involvement of TLR-4/NF-kB signaling and microglial activation. Elife 2022, 11, e72247.
[CrossRef] [PubMed]

27. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

28. Green, M.R.; Sambrook, J. Purification of total RNA from mammalian cells and tissues. Cold Spring Harb. Protoc. 2020, 2020,
pdb-prot101659. [CrossRef]

29. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc.
Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

30. Nguyen, D.I.; Sindher, S.B.; Chinthrajah, R.S.; Nadeau, K.; Davis, C.M. Shrimp-allergic patients in a multi-food oral immunother-
apy trial. Pediatr. Allergy Immunol. 2022, 33, e13679. [CrossRef]

31. Hoffmann, K. Plant allergens and pathogenesis related proteins. Int. Arch. Allergy Immunol. 2000, 122, 155–166. [CrossRef]
32. Sampson, H.A.; O’Mahony, L.; Burks, A.W.; Plaut, M.; Lack, G.; Akdis, C.A. Mechanisms of food allergy. J. Allergy Clin. Immunol.

2018, 141, 11–19. [CrossRef]
33. Long, F.; Yang, X.; Wang, R.; Hu, X.; Chen, F. Effects of combined high pressure and thermal treatments on the allergenic potential

of shrimp (Litopenaeus vannamei) tropomyosin in a mouse model of allergy. Innov. Food Sci. Emerg. Technol. 2015, 29, 119–124.
[CrossRef]

34. Schiavi, E.; Barletta, B.; Butteroni, C.; Corinti, S.; Boirivant, M.; Di Felice, G. Oral therapeutic administration of a probiotic mixture
suppresses established Th2 responses and systemic anaphylaxis in a murine model of food allergy. Allergy 2011, 66, 499–508.
[CrossRef] [PubMed]

35. Kool, M.; van Nimwegen, M.; Willart, M.A.M.; Muskens, F.; Boon, L.; Smit, J.J.; Coyle, A.; Clausen, B.E.; Hoogsteden, H.C.;
Lambrecht, B.N. An anti-inflammatory role for plasmacytoid dendritic cells in allergic airway inflammation. J. Immunol. 2009,
183, 1074–1082. [CrossRef]

36. Suzuki, M.; Zheng, X.; Zhang, X.; Zhang, Z.-X.; Ichim, T.E.; Sun, H.; Nakamura, Y.; Inagaki, A.; Beduhn, M.; Shunnar, A. A novel
allergen-specific therapy for allergy using CD40-silenced dendritic cells. J. Allergy Clin. Immunol. 2010, 125, 737–743. [CrossRef]

37. Bublin, M.; Eiwegger, T.; Breiteneder, H. Do lipids influence the allergic sensitization process? J. Allergy Clin. Immunol. 2014, 134,
521–529. [CrossRef] [PubMed]

38. Koplin, J.J.; Peters, R.L. Explaining the link between maternal lipid profiles and food allergy in offspring. J. Allergy Clin. Immunol.
2019, 144, 661. [CrossRef] [PubMed]

39. Hong, X.; Liang, L.; Sun, Q.; Keet, C.A.; Tsai, H.-J.; Ji, Y.; Wang, G.; Ji, H.; Clish, C.; Pearson, C. Maternal triacylglycerol signature
and risk of food allergy in offspring. J. Allergy Clin. Immunol. 2019, 144, 729–737. [CrossRef]

40. Bishop, W.R.; Bell, R.M. Functions of diacylglycerol in glycerolipid metabolism, signal transduction and cellular transformation.
Oncogene Res. 1988, 2, 205–218.

41. Bao, R.; Hesser, L.A.; He, Z.; Zhou, X.; Nadeau, K.C.; Nagler, C.R. Fecal microbiome and metabolome differ in healthy and
food-allergic twins. J. Clin. Investig. 2021, 131, e141935. [CrossRef]

42. Winkler, S.C.; Shimobayashi, E.; Kapfhammer, J.P. PKCγ-Mediated Phosphorylation of CRMP2 Regulates Dendritic Outgrowth in
Cerebellar Purkinje Cells. Mol. Neurobiol. 2020, 57, 5150–5166. [CrossRef]

43. WANG, X.; CAO, Y. Research progress in the roles of miR-155 in atherosclerosis. J. Clin. Pathol. Res. 2015, 35, 2185–2190.
44. Newton, A.C. Protein kinase C: Structural and spatial regulation by phosphorylation, cofactors, and macromolecular interactions.

Chem. Rev. 2001, 101, 2353–2364. [CrossRef] [PubMed]
45. Li, X.; Zhao, Z.; Kuang, P.; Shi, X.; Wang, Z.; Guo, L. Regulation of lipid metabolism in diabetic rats by Arctium lappa L.

polysaccharide through the PKC/NF-κB pathway. Int. J. Biol. Macromol. 2019, 136, 115–122. [CrossRef] [PubMed]
46. La Porta, C.A.; Comolli, R. PKC-dependent modulation of IkB alpha-NFkB pathway in low metastatic B16F1 murine melanoma

cells and in highly metastatic BL6 cells. Anticancer Res. 1998, 18, 2591–2597. [PubMed]
47. Kitatani, K.; Usui, T.; Sriraman, S.K.; Toyoshima, M.; Ishibashi, M.; Shigeta, S.; Nagase, S.; Sakamoto, M.; Ogiso, H.; Okazaki, T.

Ceramide limits phosphatidylinositol-3-kinase C2β-controlled cell motility in ovarian cancer: Potential of ceramide as a metastasis-
suppressor lipid. Oncogene 2016, 35, 2801–2812. [CrossRef] [PubMed]

48. Kim, H.J.; Oh, J.E.; Kim, S.W.; Chun, Y.J.; Kim, M.Y. Ceramide induces p38 MAPK-dependent apoptosis and Bax translocation via
inhibition of Akt in HL-60 cells. Cancer Lett. 2008, 260, 88–95. [CrossRef]

49. Ozes, O.N.; Mayo, L.D.; Gustin, J.A.; Pfeffer, S.R.; Pfeffer, L.M.; Donner, D.B. NF-κB activation by tumour necrosis factor requires
the Akt serine–threonine kinase. Nature 1999, 401, 82–85. [CrossRef]

50. Hsu, S.-Y.; Lee, S.-C.; Liu, H.-C.; Peng, S.-F.; Chueh, F.-S.; Lu, T.-J.; Lee, H.-T.; Chou, Y.-C. Phenethyl Isothiocyanate Suppresses the
Proinflammatory Cytokines in Human Glioblastoma Cells through the PI3K/Akt/NF-κB Signaling Pathway In Vitro. Oxid. Med.
Cell. Longev. 2022, 2022, 1–11. [CrossRef]

51. Shimizu, K.; Konno, S.; Ozaki, M.; Umezawa, K.; Yamashita, K.; Todo, S.; Nishimura, M. Dehydroxymethylepoxyquinomicin
(DHMEQ), a novel NF-kappaB inhibitor, inhibits allergic inflammation and airway remodelling in murine models of asthma.
Clin. Exp. Allergy 2012, 42, 1273–1281. [CrossRef]

http://doi.org/10.7554/eLife.72247
http://www.ncbi.nlm.nih.gov/pubmed/35199645
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1101/pdb.prot101659
http://doi.org/10.1073/pnas.0506580102
http://doi.org/10.1111/pai.13679
http://doi.org/10.1159/000024392
http://doi.org/10.1016/j.jaci.2017.11.005
http://doi.org/10.1016/j.ifset.2015.03.002
http://doi.org/10.1111/j.1398-9995.2010.02501.x
http://www.ncbi.nlm.nih.gov/pubmed/21058959
http://doi.org/10.4049/jimmunol.0900471
http://doi.org/10.1016/j.jaci.2009.11.042
http://doi.org/10.1016/j.jaci.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24880633
http://doi.org/10.1016/j.jaci.2019.06.043
http://www.ncbi.nlm.nih.gov/pubmed/31348942
http://doi.org/10.1016/j.jaci.2019.03.033
http://doi.org/10.1172/JCI141935
http://doi.org/10.1007/s12035-020-02038-6
http://doi.org/10.1021/cr0002801
http://www.ncbi.nlm.nih.gov/pubmed/11749377
http://doi.org/10.1016/j.ijbiomac.2019.06.057
http://www.ncbi.nlm.nih.gov/pubmed/31195041
http://www.ncbi.nlm.nih.gov/pubmed/9703914
http://doi.org/10.1038/onc.2015.330
http://www.ncbi.nlm.nih.gov/pubmed/26364609
http://doi.org/10.1016/j.canlet.2007.10.030
http://doi.org/10.1038/43466
http://doi.org/10.1155/2022/2108289
http://doi.org/10.1111/j.1365-2222.2012.04007.x


Foods 2022, 11, 1882 19 of 19

52. Ma, S.Q.; Wei, H.L.; Zhang, X. TLR2 regulates allergic airway inflammation through NF-kappaB and MAPK signaling pathways
in asthmatic mice. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 3138–3146.

53. Liang, Y.; Zhou, Y.; Shen, P. NF-kappaB and its regulation on the immune system. Cell Mol Immunol 2004, 1, 343–350. [PubMed]
54. Yu, Y.; Li, J.; Liu, C. Oxytocin suppresses epithelial cell-derived cytokines production and alleviates intestinal inflammation in

food allergy. Biochem. Pharmacol. 2022, 195, 114867. [CrossRef] [PubMed]
55. Abboushi, N.; El-Hed, A.; El-Assaad, W.; Kozhaya, L.; El-Sabban, M.E.; Bazarbachi, A.; Badreddine, R.; Bielawska, A.; Usta, J.;

Dbaibo, G.S. Ceramide inhibits IL-2 production by preventing protein kinase C-dependent NF-κB activation: Possible role in
protein kinase Cθ regulation. J. Immunol. 2004, 173, 3193–3200. [CrossRef] [PubMed]

56. Xuan, L.; Han, F.; Gong, L.; Lv, Y.; Wan, Z.; Liu, H.; Ren, L.; Yang, S.; Zhang, W.; Li, T. Ceramide induces MMP-9 expression
through JAK2/STAT3 pathway in airway epithelium. Lipids Health Dis. 2020, 19, 1–9. [CrossRef]

57. Wen, Z.; Darnell, J.E., Jr. Mapping of Stat3 serine phosphorylation to a single residue (727) and evidence that serine phosphoryla-
tion has no influence on DNA binding of Stat1 and Stat3. Nucleic Acids Res. 1997, 25, 2062–2067. [CrossRef]

58. Lee, H.; Herrmann, A.; Deng, J.-H.; Kujawski, M.; Niu, G.; Li, Z.; Forman, S.; Jove, R.; Pardoll, D.M.; Yu, H. Persistently activated
Stat3 maintains constitutive NF-κB activity in tumors. Cancer Cell 2009, 15, 283–293. [CrossRef] [PubMed]

59. Mi, H.; Muruganujan, A.; Thomas, P.D. PANTHER in 2013: Modeling the evolution of gene function, and other gene attributes, in
the context of phylogenetic trees. Nucleic Acids Res. 2012, 41, D377–D386. [CrossRef]

60. Wong, H.K.; Kammer, G.M.; Dennis, G.; Tsokos, G.C. Abnormal NF-κB activity in T lymphocytes from patients with systemic
lupus erythematosus is associated with decreased p65-RelA protein expression. J. Immunol. 1999, 163, 1682–1689.

61. Kwon, H.-K.; So, J.-S.; Lee, C.-G.; Sahoo, A.; Yi, H.-J.; Park, J.-N.; Lim, S.; Hwang, K.-C.; Jun, C.-D.; Chun, J.-S. Foxp3 induces IL-4
gene silencing by affecting nuclear translocation of NFκB and chromatin structure. Mol. Immunol. 2008, 45, 3205–3212. [CrossRef]

62. Lee, K.-G.; Xu, S.; Wong, E.-T.; Tergaonkar, V.; Lam, K.-P. Bruton’s tyrosine kinase separately regulates NFκB p65RelA activation
and cytokine interleukin (IL)-10/IL-12 production in TLR9-stimulated B cells. J. Biol. Chem. 2008, 283, 11189–11198. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/16285893
http://doi.org/10.1016/j.bcp.2021.114867
http://www.ncbi.nlm.nih.gov/pubmed/34863977
http://doi.org/10.4049/jimmunol.173.5.3193
http://www.ncbi.nlm.nih.gov/pubmed/15322180
http://doi.org/10.1186/s12944-020-01373-w
http://doi.org/10.1093/nar/25.11.2062
http://doi.org/10.1016/j.ccr.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19345327
http://doi.org/10.1093/nar/gks1118
http://doi.org/10.1016/j.molimm.2008.02.021
http://doi.org/10.1074/jbc.M708516200

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Experimental Scheme 
	sIgE and sIgG1 Analysis 
	Cytokine Measurement 
	Assessment of Clinical Anaphylaxis and Body Temperature 
	Preparation of Single Cell Suspension of Spleen 
	Fluorescent Staining for Flow Cytometer Analysis 
	Isolation of Spleen DCs by Fluorescene-Activated Cell Sorting 
	Lipid Extraction and Widely Targeted Lipidomics Analysis 
	RNA Sequence Analysis 
	Correlation Analysis of Transcriptome and Lipidome 
	Dendritic Cell Line DC2.4 Culture, Cell Treatment, and RNA Extraction 
	RT-qPCR 
	Statistics 

	Results 
	Shrimp Allergic Mouse Model Showed Typical Allergic Reactions 
	SA Affected Lipid Metabolism and Immune Function of Spleen DCs 
	Lipid Profile Distinguished Spleen DCs in SA from Normal 
	Functional Enrichment of DEGs in SA 
	GSEA of B220, CD40, and CD68 Related Gene Sets 
	Correlation Analysis Based on Transcriptome and Lipidome 
	Pathway Analysis Based on Lipidome and Transcriptome 
	Glyceryl Trioleate and C16 Ceramide Affected the Immune Function of Dendritic Cell Line DC2.4 

	Discussion 
	Conclusions 
	References

