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ABSTRACT Citrus pectin (CP) is a dietary fiber used
in animal nutrition with anti-inflammatory properties.
CP downregulates chicken immunoregulatory mono-
cytes’ functions, like chemotaxis and phagocytosis, in
vitro. The molecular underlying background is still
unknown. This study investigated the activity of CP on
chicken peripheral blood mononuclear cells (PBMC)
proteome. An overall number of 1503 proteins were iden-
tified and quantified. The supervised sparse variant par-
tial least squares—discriminant analysis (sPLS-DA) for
paired data highlighted 373 discriminant proteins
between CP-treated and the control group, of which 50
proteins with the highest abundance in CP and 137 in
the control group were selected for Gene Ontology
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(GO) analyses using ProteINSIDE. Discriminant Pro-
tein highly abundant in CP-treated cells were involved
in actin cytoskeleton organization and negative regula-
tion of cell migration.
Interestingly, MARCKSL1, a chemotaxis inhibitor, was
upregulated in CP-treated cells. On the contrary, CP
incubation downregulated MARCKS, LGALS3, and
LGALS8, which are involved in cytoskeleton rearrange-
ments, cell migration, and phagocytosis. In conclusion,
these results provide a proteomics background to the
anti-inflammatory activity of CP, demonstrating that
the in vitro downregulation of phagocytosis and chemo-
taxis is related to changes in proteins related to the
cytoskeleton.
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INTRODUCTION

Pectins are complex polysaccharides present in all
plants’ cell walls but primarily abundant in citrus fruits
(Sahasrabudhe et al., 2018) and made of repeating galac-
turonic acid units linked by glycosidic linkages (Ridley
et al., 2001). Citrus pectin (CP) is widely used as die-
tary fiber with beneficial immunomodulatory and anti-
inflammatory effects (Salman et al., 2008; Sahasrabudhe
et al., 2018; Beukema et al., 2020) in both human and
animal nutrition (Langhout and Schutte, 1996; Leclere
et al., 2013). CP inhibits the in vitro production of proin-
flammatory cytokines (IL-1b) and upregulates anti-
inflammatory cytokines (IL-1ra and IL-10) in human
peripheral blood mononuclear cells (PBMC) (Salman
et al., 2008). CP also inhibits Toll-like receptors 1 and 2
(TLR1 and TLR2) proinflammatory pathways in
human macrophages by blocking TLR2 and potentially
reducing NFkB activation, downregulating proinflam-
matory cytokines and galectin-3 (Sahasrabudhe et al.,
2018; Beukema et al., 2020). Although citrus pectin is
used as a feed additive in poultry nutrition, its molecular
effect on the immune system has been poorly investi-
gated. The peel from Citrus sinensis (a source rich in
pectin) has been demonstrated to decrease the growth of
potential pathogens Staphylococcus aureus, Bacillus
cereus, Listeria monocytogenes and yeasts, and molds
(Pourhossein et al., 2015). A recent study in broiler
quails demonstrated that methanolic extracts of Citrus
peeling increased several parameters, including feed
intake, weight gain, Feed Conversion Rate, and digest-
ibility coefficient (Ahmad et al., 2024). In broilers, due
to the molecular structure of the pectin, pectin levels in
feed affect intestinal transit time, feed digestibility, and
intestinal viscosity. Therefore, CP supplementation
improves energy utilization and nutrient digestibility,
increasing productive performance (Silva et al., 2013).
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In a model of chicken coccidiosis, CP had a beneficial
effect, decreasing the number of schizonts in the ileal
enterocytes by decreasing the serosa thickness. Further
effects include an anti-inflammatory activity in the cyto-
kine network by down-regulating the abundance of pro-
inflammatory cytokine IL-12b and upregulating pro-
inflammatory cytokines, like INFg and IL-1b (Wils-
Plotz et al., 2013). In vitro studies on CACO-2 cells dem-
onstrated that CP decreases IL-8 abundance and patho-
gen adhesion and invasion while increasing probiotic
adhesion (de Paula Menezes Barbosa et al., 2020). These
results must be validated in chicken. The role of CP in
animals has been recently reviewed (Sundaram et al.,
2022).

We have previously provided evidence of CP anti-
inflammatory activity on monocytes by suppressing
their chemotaxis and phagocytosis in vitro (�Avila et al.,
2021). However, the molecular mechanisms behind these
anti-inflammatory effects remain elusive, and no studies
on CP’s molecular impact on chicken mononuclear cells
are available.

Proteomics analysis is the large-scale analysis of the
protein profile in biological systems: it has been applied
to animal science, allowing a better comprehension of
both physiological and pathological events (Almeida et
al., 2021). Limited studies on chicken PBMC proteomics
are available, primarily on infectious diseases (Korte et
al., 2013; Deng et al., 2014; Sekelova et al., 2017) or spe-
cific immunological pathways (Deeg et al., 2020). The
present investigation aims to increase the knowledge
about the positive effects of CP in poultry by assessing
the molecular background of the immunomodulatory
activity of CP’s toward chicken PBMC by determining
the untargeted proteome using nano-LC-MS/MS spec-
trometry.
MATERIALS AND METHODS

Purification of Chicken PBMC From Blood

As previously described, chicken PBMCs were iso-
lated from peripheral blood through double discontinu-
ous gradient centrifugation (�Avila et al., 2021). Briefly,
50 mL of pooled blood from several chickens were used
for each experiment. Each experiment was replicated
with 7 different peripheral blood pools (biological repli-
cates) from 42-day-old hybrid healthy broilers (ROSS
308) collected during routine slaughtering procedures at
a local slaughterhouse in sterile flasks containing 0.2%
EDTA. The blood was collected in the sterile flasks by
gravity during the exsanguination procedure. The flasks
were immediately put at 4° degrees in a cooler, and the
purification procedure started within 1 h of the blood
collection. The purification procedure began by mixing
the blood with 1% methylcellulose (GE Healthcare, Bio-
Sciences AB, Uppsala, Sweden) and centrifuging at 40 x
g without brakes for 30 min at 4°C. Then, the superna-
tant diluted (1:1) with sterile PBS without Ca2+ and
Mg2+ supplemented with 2mM EDTA (Sigma-Aldrich,
St. Louis, MO) and layered over a double discontinuous
Ficoll-Percoll gradient (specific gravity 1.077 g/mL of
Ficoll over 1.119 g/mL of Percoll; Sigma-Aldrich) in
15 mL conical centrifuge tubes, and centrifuged at 200g
without brakes for 30 min at 4°C. The PBMC ring was
collected at the Ficoll/supernatant interface and washed
with PBS without Ca2+ and Mg2+ + 2mM EDTA to
remove the contaminating thrombocytes. Red blood
cells were eliminated using the Red Blood Cell Lysis
Buffer (Roche Diagnostics GmbH, Mannheim, Ger-
many). Finally, the PBMC were counted, their viability
assessed with trypan blue exclusion, and resuspended at
the desired concentration in complete medium (RPMI
1640 Medium + 25 mM HEPES + L-Glutamine, supple-
mented with 1% of Nonessential Amino Acid Solution
100X and 1% Penicillin Streptomycin Solution 100X
and 1% FBS (Sigma-Aldrich)).
Chicken PBMC Stimulation With CP

Firstly, pectin esterified (55−70%) potassium salt
from citrus fruit (Sigma-Aldrich) was prepared as
previously described for chicken monocytes (�Avila
et al., 2021) with some minor modifications. Briefly,
only a working dilution of 0.5 mg/mL CP was pre-
pared with the complete medium (1% FBS) freshly
prepared for each experiment, and it was set as the
working concentration for the stimulation of chicken
PBMC. A total of 5 £ 106 chicken PBMC (1.5 mL)
were seeded in triplicates in Corning� tissue-culture
treated culture 60 mm dishes (Corning Inc., Costar,
Kennebunk, ME), with each set of triplicates corre-
sponding to one of the 7 biological replicates (each
from a different chicken blood pool). Cells were then
incubated with 0.5 mg/mL of CP (500 mL) for 20 h
at 41°C in a humified atmosphere with 5% CO2.
Complete medium (1% FBS) was then added to each
dish to reach a final volume of 3 mL. These biological
replicates were treated independently to account for
biological variability.
Chicken PBMC Collection and Protein
Extraction

After incubation, the cells’ supernatant (3 mL),
containing the cells in suspension (lymphocytes), was
collected into 2 tubes of 1.5 mL. Cells were centri-
fuged at 500 £ g for 7 min at 4°C to obtain the lym-
phocyte pellet. The lymphocyte pellet was washed
twice with 500 mL sterile-PBS without Ca2+ and Mg2
+ (room temperature) and again centrifuged twice at
500 x g for 7 min at 4°C to remove medium and FBS
that could interfere with the proteomic analysis. In
the meantime, 3 washes with 2 mL of sterile-PBS
without Ca2+ and Mg2+ (room temperature) were
performed in the 60 mm dishes to wash the adherent
cells (monocytes) and remove dead cells and the rest



CITRUS PECTIN ANDMONONUCLEAR CELL PROTEOME 3
of the contaminant medium and FBS. When both the
lymphocytes pellet and the adhered monocytes were
washed, 500 mL of Igepal buffer (150 mM NaCl,
10 mM Tris-HCl pH 7.4, 1 mM EDTA and EGTA,
100 mM NaF, 4 mM Na4P2O7¢10 H2O, 2 mM
Na3VO4, 1% Triton X100, 0.5% IGEPAL CA-630
(Sigma-Aldrich), 1 tablet for 50 mL of the total vol-
ume of Protease Inhibitor Cocktail [Roche]) was
added to the lymphocytes pellet. The cells were resus-
pended, then collected and added directly to the
60 mm wells containing the monocytes. The wells
were then carefully mixed to ensure all surfaces were
covered with Igepal buffer and incubated for 1h at
4°C with regular shaking to lyse the cells. After incu-
bation, the cells were scraped using sterile Corning
Cell scrapers (blade L 1.8 cm, handle L 25 cm; Corn-
ing Inc.), the cell lysate was collected in 1.5 mL tubes
and sonicated for 10 min in an ultrasonic bath (Bran-
son 2200, Danbury, CT) to complete the cells’ lysis
and homogenization. Finally, the tubes with the cell
lysate were centrifuged for 10 min at 6000 x g at 4°C
to remove the cell debris, and the supernatant con-
taining the extracted proteins of all 3 technical repli-
cates for each biological replicate was pooled in
1.5 mL tubes, aliquoted and stored at -80°C for fur-
ther analyses.
Sample Preparation for Proteomic Analysis

Total protein concentration was first determined with
the Pierce Bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific, Rockford, IL, USA), follow-
ing the manufacturer’s instructions. For peptide prepa-
ration, extracted proteins were digested and
concentrated using the Filter Aided Sample Preparation
(FASP) method, following the manufacturer’s instruc-
tions with minor modifications. Briefly, fifty mg of pro-
tein lysate were put into Millipore 10 kDa MWCO
filters, and 100 ml of Urea 8 M in 0.1 M Tris-HCl pH 8.5
were added for solubilization. The detergent and other
contaminant components within the protein lysate were
removed by repeated filtration by centrifugation.
After discarding the flow-through, proteins were
reduced with 100 ml DTT (10 mM) for 46 min and
centrifuged at 14000 rpm for 10 min. Then, 200 ml of
25 mM iodoacetamide solution were added to the fil-
ters and incubated for 20 min at room temperature
for protein alkylation. After performing several
washes of the filters with Urea 8 M and 50 mM of
ammonium bicarbonate, proteins were digested with
200 ml of 0.25 mg/mL trypsin (50:1 ratio of protein:
enzyme) and mixed at 600 rpm in a thermomixer for
1 min. Filters were transferred to new collection tubes
and incubated overnight in a wet chamber at 37°C.
Finally, peptides were eluted by adding 200 ml of
50 mM of ammonium bicarbonate, and the filtrate
was lyophilized in a SpeedVac and then resuspended
in 100 ml of 1% formic acid.
Nano-LC-MS/MS Analysis

For each sample, 50mg of proteins were used according
to the FASP preparation. The final volume was adjusted
to 300 mL with a recovery solution (H2O/ACN/TFA −
94.95/5/0.05). After passing through the ultrasonic
bath (10 min), the supernatant was transferred to an
HPLC vial before LC-MS/MS analysis. Peptide mix-
tures were analyzed by nano-LC-MS/MS (Thermo-
Fisher Scientific) using an Ultimate 3000 system
coupled to a QExactive HF-X mass spectrometer
(MS) with a nanoelectrospray ion source. Five mL of
hydrolyzate was first preconcentrated and desalted at
a flow rate of 30 ml/mn on a C18 precolumn 5 cm
length x 100 mm (Acclaim PepMap 100 C18, 5mm,
100A nanoViper) equilibrated with Trifluoroacetic
Acid 0.05% in water. After 6 min, the concentration
column was switched online with a nanodebit analyti-
cal C18 column (Acclaim PepMap 100 - 75 mm inner
diameter £ 25 cm length; C18 - 3 mm -100A
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20106770) operating at 400 nL/min equilibrated with
96 % solvent A (99.9 % H2O, 0.1 % formic acid).
The peptides were then separated according to their
hydrophobicity thanks to a gradient of solvent B
(99.9 % acetonitrile, 0.1 % formic acid) of 4 to 25%
in 60 min. For MS analysis, eluted peptides were elec-
trosprayed in positive-ion mode at 1.6 kV through a
Nano electrospray ion source heated to 250°C. The
mass spectrometer operated in data-dependent mode:
the parent ion is selected in the orbitrap cell (FTMS)
at a resolution of 60,000, and 18 MS/MS succeeds
each MS analysis with analysis of the MS/MS frag-
ments at a resolution of 15,000).
Processing of Raw Mass Spectrometry Data

At the end of the LC-MS/MS analysis, for raw data
processing, a MS/MS ion search was carried out with
Mascot v2.5.1 (http://www.matrixscience.com) against
the chicken database (i.e., ref_Gallus gallus 210114-
27,536 sequences). The following parameters were used
during the request: precursor mass tolerance of 10 ppm
and fragment mass tolerance of 0.02 Da, a maximum of 2
missed cleavage sites of trypsin, carbamidomethylation
(C), oxidation (M) and deamidation (NQ) set as variable
modifications. Protein identification was validated when
at least 2 peptides originating from 1 protein showed sta-
tistically significant identity above Mascot scores with a
False Discovery Rate of 1%. Ions score is -10 log(P),
where P is the probability that an observed match is a
random event. For the chicken proteome, the Mascot
score was 31, with a false discovery rate (FDR) of 1%.
The adjusted p-value was 0.02357. Finally, LC-Progenesis
QI software (version 4.2, Nonlinear Dynamics, Newcastle
upon Tyne, UK) was used for label-free protein quantifi-
cation analysis with the same identification parameters
described above with the phenotypic data among all
matrices. All unique validated peptides of an identified
protein were included, and the total cumulative abun-
dance was calculated by summing the abundances of all
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peptides allocated to the respective protein. LC-Progene-
sis analysis yielded 1503 unique quantifiable proteins,
with at least 2 and 2 unique peptides.
Statistical Analyses

For all of the analyses, R version 4.2.2 was used.
Univariate analysis. To identify the differentially

abundant proteins, a univariate statistical approach was
performed on all 1503 quantified proteins, using an R
package for proteomic analysis (available on GitHub
with the DOI https://doi.org/10.5281/zenodo.2539329)
as previously described (Bazile et al., 2019). Briefly,
data normality distribution was assessed by the Sha-
piro-Wilk-Test. Then, a paired Student’s t-test for nor-
mally distributed data and a paired Wilcoxon test for
nondistributed data were applied to determine the p-
value. Finally, the obtained p-values were corrected
using different adjustment methods (e.g., Benjamini &
Hochberg or FDR, Hochberg, and Bonferroni).

Multivariate analysis. As no differentially abundant
proteins were obtained after performing the p-value cor-
rections, an alternative supervised multilevel sparse var-
iant partial least square discriminant analysis (sPLS-
DA) was applied using the mixOmics package in R. The
multilevel sPLS-DA enables the selection of the most
predictive or discriminative proteins in the data of the 2
components (PC1 and PC2) to classify or cluster the
samples between the 2 treatment groups (Lê Cao et al.,
2011). With this supervised method and the mixOmics
function plotLoadings() − Loadings Bar Plot, it was
also possible to identify the discriminant proteins that
presented higher abundances (median) in each treat-
ment group. Thus, proteins with the highest abundance
in the CP group also have a low abundance in the con-
trol groups and vice versa. We analyzed the importance
of the ranked protein in discriminating between CP and
control groups in component projection scores. However,
only the proteins from the sPLS-DA component 1 that
strongly correlated to one another (data given by the
mixOmics function: plotVar() − Correlation Circle
Plot) with the highest abundance in either the CP and
control groups were used to perform further bioinfor-
matic analyses (GO enrichment analyses).
Bioinformatic Analysis of Discriminant
Proteins Selected by sPLS-DA

First, before performing the bioinformatic and
functional annotation analyses, the accession numbers
from all 1503 quantified proteins were converted into
Gene ID using the UniProt retrieve/ID mapping
online tool. The Gene ID of human orthologs of
chicken proteins was assigned for undefined proteins.
Second, only for the selected discriminant proteins a
gene ontology (GO) enrichment analysis focused on
the Biological processes (BP) was performed using
ProteINSIDE online tool version 2.0 (available at
https://umrh-bioinfo.clermont.inrae.fr/
ProteINSIDE_2/index.php?page=upload.php), as
previously described (Kaspric et al., 2015), and using
Gallus gallus as reference specie. Only significant
(FDR < 0.05) GO BP terms were considered enriched
and were used for further interpretation and figure
creation. The enriched GO BP terms were summa-
rized, and their enrichments were expressed as -log10
(FDR) for visualization on horizontal bar graphs
plotted using GraphPad Prism 9.1.2 for Mac OS X,
GraphPad Software (San Diego, California). Selected dis-
criminant proteins were also subjected to protein-protein
interaction (PPI) analyses using the ProteINSIDE online
tool version 2.0, as previously described (Kaspric et al.,
2015), to identify the proteins that have been experimen-
tally detected to interact with each other within the
Human. The PPI databases used were IMEx, IntAct, and
iRefIndex, which were chosen because they were updated
in 2023. A network provided as a result was obtained for
the 50 proteins CP related to the CP group. It was then fil-
tered using the betweenness centrality values of 80 to 131
(high-degree nodes that mean shortest paths between
nodes) algorithm (Kaspric et al., 2014), which was proven
efficient in selecting key nodes/proteins within a pathway.
The network obtained for the 137 proteins related to the
control group or the inhibitory impact of the CP treat-
ment was reduced by filtering using betweenness central-
ity values of 250 to 696. Finally, the average log fold-
change (log FC) of the raw abundances of all the discrimi-
nant proteins identified with sPLS-DA from all 7 biologi-
cal replicates was calculated and plotted using R version
3.6.3. In the plot, proteins with greater fold changes in
their abundances showed bigger font sizes for better visu-
alization.
RESULTS

The Proteome of Chicken PBMC and
identification of the molecular signature of
CP treatment

Hematoxylin eosin staining revealed that the PBMC
population contained lymphocytes (72%), monocytes
(9%), and heterophils (29%). 1503 proteins, with at least
2 unique peptides, were identified and quantified in
chicken PBMC (Supplementary Table S1). A classical
univariate statistical analysis (paired t-test or Wilcoxon
test) did not detect any differentially abundant proteins
between the CP and control groups after adjusting the
P-value (FDR and Bonferroni). On the contrary, a mul-
tivariate sPLS-DA analysis applied to retrieve meaning-
ful biological information and identify the molecular
signature of CP treatment highlighted 373 discriminant
proteins (approximately 25% of the overall total pro-
teins identified) from both components (Supplementary
Table S2), allowing for a good clustering between the
CP and control groups (Figure 1). From the 373 discrim-
inant proteins, only the 187 proteins from the sPLS-DA
component 1 that strongly correlated together for each
treatment group were selected to perform separate GO
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Figure 1. Sparse partial least squares discriminant analysis (sPLS-DA) for paired data individual plot. The individual plot shows the similarities
and relationship (clustering) between samples of the citrus pectin (CP) (blue) and control (orange) treatment groups.
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BP enrichment analyses. Of these proteins, 50 had the
highest abundance in the CP group (and the lowest
abundance in the control group), while 137 were identi-
fied with the highest abundance in the control group
and thus as underabundant in the CP group (Supple-
mentary Table S3).
GO Enrichment Analyses of Total
Discriminant Proteins Identified by s-PLS-DA

A GO enrichment analysis identified the function of the
373 discriminant proteins. These 373 proteins were anno-
tated by 121 enriched (FDR < 0.05) GO terms within the
BP category. The main enriched BP were related to cellu-
lar amide metabolic process (GO:0043603), vesicle-medi-
ated transport (GO:0016192), actin cytoskeleton
organization (GO:0030036), peptide metabolic process
(GO:0006518), organonitrogen compound biosynthesis
Figure 2. Global enriched (P < 0.05) Gene ontology (GO) terms withi
criminant proteins. GO terms enrichments are expressed as -log10 (FDR) fo
terms is shown in brackets.
(GO:1901566), actin filament organization (GO:0007015),
translation (GO:0006412), cell migration (GO:0016477)
and leukocyte chemotaxis regulation (GO:0002688)
(Figure 2). From these enriched BP, the ones with the
highest number of annotated proteins included: organoni-
trogen compound biosynthesis (49), vesicle-mediated
transport (47), cellular amide metabolic processes (39)
and cell migration (36) (Supplementary Table S4).
GO Enrichment Analyses of Discriminant
Proteins Related to the CP Group

To further elucidate the differential effects of the CP
and control treatments and the specific role of the discrim-
inant proteins with the highest abundance in each group,
separate GO enrichment analyses were carried out. The
50 proteins with the highest abundance in CP were anno-
tated by 81 enriched (FDR < 0.05) GO terms within the
n the biological processes (BP) category that has annotated all 373 dis-
r visualization on graphs. The number of proteins annotated by GO BP



Figure 3. Enriched (P < 0.05) Gene ontology (GO) terms within the biological processes category that have annotated the 50 discriminant pro-
teins with the highest abundance in the citrus pectin (CP) group. GO terms enrichments are expressed as -log10 (FDR) for visualization on
graphs. (A) The GO Biological pathways terms. The number of proteins annotated by GO BP terms . The numbers of proteins annotaed by GO BP
terms is shown in brackets. (B) Protein-Protein Interaction for the discriminant proteins with higher abundance in the citrus pectin (CP) group.
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BP category. These proteins were mainly involved actin
cytoskeleton organization (GO:0030036), regulation of
cell morphogenesis (GO:0022604), actin filament-based
process (GO:0030029), positive regulation of intracellular
signal transduction (GO:1902533), integrin-mediated sig-
naling pathway (GO:0007229), tumor necrosis factor-
mediated signaling pathway (GO:0033209), regulation of
phosphatidylinositol 3-kinase signaling (GO:0014066),
negative regulation of cell migration (GO:0030336), posi-
tive regulation of cell communication (GO:0010647) and
cytokine-mediated signaling pathway (GO:0019221).
From these enriched BP, the ones with the highest num-
ber of annotated proteins were actin cytoskeleton, actin
filament-based process and positive regulation of cell
communication with 9 proteins, and positive regula-
tion of intracellular transduction with 8 proteins
(Figure 3A). APOA1 and SLC9A3R1 proteins were
mainly annotated by almost all these enriched BP,
and TLN1 on those related to the actin cytoskeleton
and actin-filament organization and cell morphogene-
sis (Supplementary Table S5). The proteins related
to the CP group were involved in 1 PPI major net-
work and 6 additional small networks (Figure 3B).
Within the major network, ILK, LPXN, and LIMS1
Figure 4. Enriched (P < 0.05) Gene ontology (GO) terms within the b
proteins with the highest abundance in the control group (no CP). (A) GO
graphs. The number of proteins annotated by GO BP terms is shown in brac
higher abundance in the control group (no CP).
were the proteins with the shortest path with others,
suggesting they are central in the pathway.
GO Enrichment Analyses of Discriminant
Proteins Related to the Control Group

Among the 373 discriminant proteins that contributed
to a good clustering between the 2 treatment groups, a
higher number (137) was found to be more abundant in
the control group. These proteins were annotated by 55
enriched (FDR < 0.05) BP GO terms related to the cellu-
lar amide metabolic process (GO:0043603), peptide meta-
bolic process (GO:0006518), organonitrogen compound
biosynthetic process (GO:1901566), translation
(GO:0006412), catabolic process (GO:0009056), cellular
homeostasis (GO:0019725), carbohydrate metabolic pro-
cess (GO:0005975) and post-transcriptional regulation of
gene expression (GO:0010608) (Figure 4A). The enriched
BP with the highest number of annotated proteins were
involved in different metabolic processes (> 20) and trans-
lation (16) (Supplementary Table S6). The proteins
related to the control group were related to 1 PPI major
network. By applying the betweenness centrality filter
iological processes category that have annotated the 137 discriminant
terms enrichments are expressed as -log10 (FDR) for visualization on
kets. (B) Protein-Protein Interaction for the discriminant proteins with



Figure 5. Figure 2 Average fold-change of protein raw abundances of the discriminant proteins (DP) selected by sPLS-DA. The y-axis shows the
average log fold-change (average ratio) of the raw abundances from all the different biological replicates (samples) after Citrus Pectin treatment,
with respect to the control group.
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(Figure 4B), we identified SDHA, HSP90B1, HSPA9,
RPS3, and RTN4 as the proteins with the shortest path
with others, suggesting they are central in the pathway.
Average Fold-Change of the Abundances of
the Discriminant Proteins Identified With
sPLS-DA

Lastly, to have a more straightforward overview of the
changes in abundances of all the 373 discriminant pro-
teins between the CP and control groups, we calculated
the average fold-change of the raw abundances of the
proteins from the cells treated with CP (Figure 5). The
protein with the most significant change in abundance
(FC > 1.6) between the CP and control was ALB. Other
proteins with higher abundances in the CP group
included SCD and IL4I1 (FC ≥1.4), and FLNA, TPM2,
ISG12(2), PDLIM1, LPP, HPS5, TXNDC5 and
MARCKSL1 (FC > 1.2). On the other hand, proteins
such as MARCKS, LGALS8, LGALS3, SQLE,
CYP51A1, FABP7, FAM3C, TFRC, and AHNAK2
showed the lowest abundance in the CP group (FC ≤
0.8).
DISCUSSION

The present study describes the proteome of mononu-
clear cells after stimulation with CP. In previous studies,
CP was shown to inhibit monocytes’ chemotaxis and
phagocytosis (�Avila et al., 2021). The present main find-
ings were that CP induced the downregulation of Biolog-
ical Processes related to actin cytoskeleton organization,
cell migration, intracellular signal transduction, and cell
communication: we, therefore, provided a molecular
background to the immunomodulatory and anti-
inflammatory activity previously demonstrated (�Avila
et al., 2021).
Global Biological Processes Enriched by the
Discriminant Proteins Selected by sPLS-DA

In the first part of the study, a sPLS-DA model was
applied to identify the molecular signature of CP treat-
ment, allowing the selection of the most discriminative
features or proteins in the data to classify the samples
(Lê Cao et al., 2011), including 373 discriminant pro-
teins, and enabling to discriminate the samples between
the CP and control groups adequately. Proteins with a
mean abundance of the highest (50 proteins) and lowest
(137 proteins) in the CP group were mined. To have a
global idea of the function of these discriminant pro-
teins, a GO enrichment analysis was carried out, reveal-
ing that these proteins were involved in very general BP
processes related to metabolisms, like cellular amide and
peptide metabolic process, organonitrogen compound
biosynthetic process, and translation, and enriching for
other more specific cell shape- or immune-related pro-
cesses, such as the actin cytoskeleton and actin filament
organization, vesicle-mediated transport, cell migration,
and regulation of leukocyte chemotaxis.
Biological Processes Enriched by
Discriminant Proteins With the Highest
Abundance After CP Treatment

In the second part of the study, separate GO
enrichment analyses further elucidated the specific
function of the discriminant proteins identified for
the CP and control group, using the proteins with
the highest abundance in each group. The 50
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discriminant proteins with the highest abundance in
the CP group were mainly related to actin cytoskele-
ton organization, cell morphogenesis regulation, posi-
tive regulation of intracellular signal transduction,
positive regulation of cell communication, and nega-
tive regulation of cell migration.

The ability of cells to rapidly change their mor-
phology in response to activation is an important fea-
ture of immune cells and their effector functions. The
actin cytoskeleton plays a critical role in providing
the cells with the mechanical structure to support
their changes in shape and membrane (Rivero et al.,
1996), being involved, as such, in chemotaxis and
phagocytosis (May and Machesky, 2001; Affolter and
Weijer, 2005).

Talin-1 (TLN1) and Na(+)/H(+) exchange regula-
tory cofactor (NHERF1/SLC9A3R1) were 2 of the pro-
teins annotated for the actin cytoskeleton organization
and actin filament-based process GO BP terms. TLN1 is
involved in phagocytosis and phagosome formation by
providing a physical link between the actin cytoskeleton
and integrin receptors (Lim et al., 2007)(Torres-Gomez
et al., 2020). SLC9A3R1 is a scaffold protein that stabil-
izes protein complexes at the plasma membrane by con-
necting signaling pathways and structural proteins to
the actin cytoskeleton and is related to the negative reg-
ulation of cell migration (Bretscher et al., 2000). The
findings are consistent with previous reports on lung
cancer cells, where overexpression of the SLC9A3R1
protein inhibited the cells’migration (Yang et al., 2017).
This result is remarkable, as we previously demonstrated
that CP inhibited chicken monocyte chemotaxis in vitro
(�Avila et al., 2021), as described for other pectins, like
ginseng (Fan et al., 2018).

Enrichment of immune and inflammation-related
pathways, like tumor necrosis, regulation of phosphati-
dylinositol 3-kinase, and cytokine-mediated signaling
pathways, was observed in the CP group, further sug-
gesting immunomodulatory activities of CP. Apolipo-
protein A-I (APOA1) was one of the proteins
annotated in almost all the enriched GO BP terms,
including the tumor necrosis signaling and cytokine-
mediated signaling pathways. APOA1 inhibits macro-
phage chemotaxis and monocyte recruitment by mod-
ulating the reorganization of the actin component of
the cytoskeleton (Iqbal et al., 2016). The current
results are consistent with a previous study on mice
fed with pectin oligosaccharides that increased
APOA1 levels in plasma (Zhu et al., 2017). Our pro-
teomics findings showed that the immunomodulatory
activity of CP toward PBMC is related to changes in
their actin cytoskeleton organization and signal trans-
duction pathways, often critical for the regulation of
phagocytosis and cell migration, as well as cell com-
munication and inflammation.

In contrast with the enriched BP found in the CP
group, the enriched BP in the control group were very
general GO terms related mainly to different metabolic
processes, translation, cellular homeostasis, and post-
transcriptional regulation of gene expression.
Discriminant Proteins With Greater Changes
in Abundance After CP Treatment

To further elucidate the effects of CP on chicken
PBMC proteome and determine its molecular signature,
we focused on identifying essential proteins mostly
changed in their raw abundances when treated with CP,
considering their fold-change, and that could be
involved in the most enriched BP detected with the GO
analysis.
The protein with the highest abundance after CP

treatment was albumin (ALB), the most abundant cir-
culating protein in plasma, whose main activity is to
transport fatty acids, cholesterol, metals, and other com-
ponents (Park et al., 2014). Albumin also works as a sig-
nificant antioxidant protein by trapping free radicals, a
negative acute-phase protein, a negative regulator of
apoptosis in endothelial cells: we may then speculate
that, by increasing ALB abundance, CP might exert
protective effects in chicken PBMC against oxidative
stress and apoptosis (Zoellner et al., 1996; Roche et al.,
2008; Marques et al., 2017). Other proteins with the
highest abundances in the CP group and involved with
immune response included serum amyloid A protein
(HPS5), an acute-phase response protein in chicken
(Marques et al., 2017), L-amino-acid oxidase (IL4I1), a
negative regulator of T cell activation/proliferation and
adaptive immunity (Castellano and Molinier-Frenkel,
2017), the putative ISG12(2) protein and the uncharac-
terized protein TXNDC5, both related with negative
regulation of apoptosis processes (Horna-Terr�on et al.,
2014; Qi et al., 2015). Remarkably, the analysis of the
discriminant proteins with greater changes in abundance
after CP treatment also confirms a rearrangement of the
cytoskeleton as shown by the upregulation in the CP
group of Myristoylated alanine-rich C kinase substrate-
like 1 (MARCKSL1) protein. MARCKSL1 is a mem-
brane-bound protein part of the MARCKS family with
known actin-binding functions that regulate actin cyto-
skeleton homeostasis and coordinate other membrane-
cytoskeletal signaling events such as cell migration and
phagocytosis (Kim et al., 2016). MARCKSL1 is highly
expressed in macrophages and is involved in macrophage
transmigration (Chun et al., 2009). These results are
consistent with the suppression of chicken monocytes’
chemotaxis observed in our previous in vitro study
(�Avila et al., 2021).
Other proteins highly abundant in the CP group

include Filamin-A (FLNA), tropomyosin beta chain
(TPM2), the uncharacterized protein (PDLIM1), and
lipoma-preferred partner homolog (LPP): all these 4
proteins have also been associated with actin cytoskele-
ton organization and stabilization (Gunning et al., 2008;
Ono et al., 2015; Welter et al., 2020), cell migration
(Savinko et al., 2018), maintaining cell shape and cell
adhesion (Petit et al., 2000; Ngan et al., 2018). The CP
group also included the fatty acid-desaturase domain-
containing (SCD) protein involved with fatty acid bio-
synthesis related to humoral immune responses (Zhou
et al., 2021).
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On the contrary, proteins such as MARCKS,
LGALS3, and LGALS8 were less abundant in the CP
group. Specifically, MARCKS has been shown to pro-
mote murine macrophage migration (Green et al., 2012),
phagocytosis (Carballo et al., 1999), and proinflamma-
tory cytokines production (Lee et al., 2015), confirming
its involvement in modulating inflammation.

Some proteins were also less abundant in the
CP group. Galectin-3 (LGALS3) and galectin-8
(LGALS8) are ubiquitous carbohydrate-binding pro-
teins (Brinchmann et al., 2018) that participate in sev-
eral cellular processes, such as inflammation, immune
responses, cell migration, autophagy, and cell signaling.
In chickens, 5 members have been identified (Kaltner
et al., 2011): LGALS3 and LGALS. LGALS3 is highly
expressed in monocytes and macrophages and is a
potent regulator of cell-extracellular matrix (ECM) and
cell-cell interactions, migration, and phagocytosis (Lu et
al., 2017). The decreased abundance of LGALS3 in the
CP group is also remarkable, as mouse LGALS3 was
downregulated by modified citrus pectin (MCP)—a
derivative of citrus pectin (Kolatsi-Joannou et al.,
2011). MCP also directly inhibits LGALS3, decreasing
the adhesion of monocytes and macrophages (Lu et al.,
2017). LGALS8 is involved in cytoskeleton reorganiza-
tion processes, cell adhesion, and cell migration, as well
as in autophagy and cytokines and chemokines expres-
sion (Gentilini et al., 2017; Johannes et al., 2018).
Finally, we also identified proteins involved in the posi-
tive regulation of T and B cell proliferation (TFRC)
(Ned et al., 2003) and human mononuclear cell migra-
tion (AHNAK2) (Zheng et al., 2021), further supporting
the CP immune-modulatory function.
CONCLUSIONS

In conclusion, the findings of this proteomics study
provide a molecular background to previously reported
in vitro immunomodulatory activity of CP toward
PBMC by changing the abundance of proteins involved
in actin cytoskeleton organization and cell migration.
These findings confirm the suppressive effects observed
in our in vitro study on chicken monocytes’ phagocytosis
and chemotaxis and report novel information on the
immunomodulatory activity of CP on chicken PBMC.
By elucidating the molecular mechanisms underlying
such immunomodulatory effects, we might better under-
stand CP’s practical biological significance in vivo and
how to include it as a dietary fiber in novel nutrition
strategies to modulate the animals’ immune and health
status. Moreover, this study demonstrates the suitabil-
ity of the supervised multivariate statistical analysis
sPLS-DA to retrieve meaningful functional information
from complex proteomics data, converting it into a note-
worthy option for analyzing data from other OMIC
technologies. Further functional annotation analyses
such as molecular pathway enrichment, protein-protein
interaction analyses, and integration of proteomics data
with other OMIC technologies are required to deepen
the overall impact of CP on chicken immunity knowl-
edge.
The description of the molecular basis of the immuno-

modulatory activity of CP will provide the nutritionists
with important feedback: while the use of CP has been
regarded as a valuable feed additive in chicken feeding,
and indeed an anti-inflammatory activity is also consid-
ered beneficial, to avoid the excessive inflammatory
reaction that can do more harm than good if uncon-
trolled, still an anti-inflammatory activity, if not ade-
quately balanced, may weaken the immune system.
Therefore, the results of this molecular study will also
raise awareness about the excessive use of anti-inflam-
matory drugs. Further studies are required to assess the
in vivo impact of CP additive in diets during diseases.
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