
Citation: Bogdanov, I.V.; Fateeva, S.I.;

Voropaev, A.D.; Ovchinnikova, T.V.;

Finkina, E.I. Immunomodulatory

Effects of the Pea Defensin Psd1 in

the Caco-2/Immune Cells Co-Culture

upon Candida albicans Infection. Int. J.

Mol. Sci. 2023, 24, 7712. https://

doi.org/10.3390/ijms24097712

Academic Editors: Jean-Christophe

Marvaud and Johannes Zuegg

Received: 7 March 2023

Revised: 16 April 2023

Accepted: 19 April 2023

Published: 23 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Immunomodulatory Effects of the Pea Defensin Psd1
in the Caco-2/Immune Cells Co-Culture upon
Candida albicans Infection
Ivan V. Bogdanov 1 , Serafima I. Fateeva 1, Alexander D. Voropaev 2 , Tatiana V. Ovchinnikova 1

and Ekaterina I. Finkina 1,*

1 M.M. Shemyakin & Yu.A. Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,
117997 Moscow, Russia

2 G.N. Gabrichevsky Research Institute for Epidemiology and Microbiology, Admiral Makarov St. 10,
125212 Moscow, Russia

* Correspondence: finkina@mail.ru; Tel.: +7-495-335-42-00

Abstract: Candidiasis is one of the most common fungal diseases that can pose a threat to life in
immunodeficient individuals, particularly in its disseminated form. Not only fungal invasion but
also fatal infection-related inflammation are common causes of systemic candidiasis. In this study,
we investigated in vitro immunomodulatory properties of the antifungal pea defensin Psd1 upon
Candida albicans infection. Using the real-time PCR, we showed that Psd1 inhibited the antimicrobial
peptide HBD-2 and pro-inflammatory cytokines IL-1 and IL-8 downregulation at mRNA level in
epithelium cells caused by C. albicans infection. By using the Caco-2/immune cells co-culture upon
C. albicans infection and the multiplex xMAP assay, we demonstrated that this pathogenic fungus
induced a pronounced host defense response; however, the cytokine responses were different in the
presence of dendritic cells or monocytes. We revealed that Psd1 at a low concentration (2 µM) had a
pronounced immunomodulatory effect on the Caco-2/immune cells co-culture upon fungal infection.
Thus, we hypothesized that the pea defensin Psd1 might be an effective agent in the treatment of
candidiasis not only due to its antifungal activity, but also owing to its ability to modulate a protective
immune response upon infection.

Keywords: pea defensin; Psd1; Candida albicans; candidiasis; immunomodulatory action; cytokines;
epithelial immunity; xMAP

1. Introduction

Candida albicans is a common member of the mucosal microflora, which, however,
causes such life-threatening bloodstream infections as candidemia and disseminated can-
didiasis in immunocompromised patients and in patients receiving immunosuppressive
therapy [1]. It is generally accepted that the high prevalence of candidiasis in such patients
is associated with a decrease in immune defense. However, some data show that the natural
selection of more virulent strains also takes place in this case [2].

C. albicans is a dimorphic fungus, growing in yeast and hyphal forms. The morpho-
logical plasticity of C. albicans is an important virulence determinant, since fungal hyphae
penetrate epithelial and endothelial barriers, causing systemic infections [3]. The intestinal
mucosal barrier plays an important role in protection against an invasion of C. albicans;
however, intestinal flora disorder, increased epithelium permeability due to inflamma-
tory diseases, and impaired host immune responses increase the risk of invasive fungal
infections [1,3,4].

After interaction with epithelium C. albicans cell adhesion and invasion via induced
endocytosis and active penetration of fungal hyphae take place [5]. Epithelial activation
by C. albicans induces pro-inflammatory immune responses (e.g., IL-8/CXCL8), which
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results in the recruitment of innate immune cells, particularly neutrophils that are, in turn,
activated by GM-CSF, G-CSF, and IL-1 family members [3]. Neutrophils protect directly
through phagocytosis and neutrophil extracellular trap (NET) formation and indirectly via
immunological crosstalk with epithelial TLR4. MIP-3α/CCL20 and human β-defensin 2
(HBD-2) secretion recruits mucosal-homing CCR6-expressing dendritic cells, which will
process fungal antigens and activate Th immunity, including Th-17 cells. Th-17 cells
secrete interleukins IL-17A and IL-17F, which stimulate a variety of cells (e.g., epithelial
cells and fibroblasts) to produce antimicrobial peptides (AMPs), metalloproteases, and
chemokines, which promotes neutrophil recruitment and activation, ultimately resulting in
fungal clearance. Th-17 cells also secrete IL-22, which limits fungal growth and maintains
epithelial barrier function [3]. Inflammatory cytokines IL-12 and IL-23 have also been
shown to play a pivotal role in anti-Candida immunity [6]. At the same, uncontrolled
inflammation can lead to tissue damage and progression of the infection [7].

Multi-resistant strains of C. albicans are becoming more common and show reduced sus-
ceptibility to conventional antifungal drugs, including triazoles, polyenes, and echinocan-
dins. Therefore, the need to search for new molecules that target these pathogenic species
is now as urgent as ever. In addition, recent data show that a combination of antifungal
and immunomodulatory therapy may be more effective for the treatment of high-mortality
systemic mycoses [8].

Host defense AMPs playing an important role in innate immunity are considered
nowadays as promising candidate substances for the development of new drugs [7,9].
It is well known that mammalian AMPs do not only possess antimicrobial activity, but
also have immunomodulatory action on various immune cells. The most characterized
examples of such AMPs are cathelicidin LL37 and human defensins [7]. Human defensins
play a complex role in host defense, exhibiting not only antimicrobial activity, but also
controlling the infection through modulating various immune activities including chemo-
taxis, phagocytosis, and cytokine induction. These cationic peptides can both induce and
suppress inflammatory responses by acting on specific immune cells directly or in com-
plex with proteins, nucleic acids, and carbohydrates. Human defensins implement their
immunomodulatory action through a wide range of immune receptors including different
TLRs and chemokine receptors [10].

Defensins consist of a conservative class of AMPs that have been found in animals,
plants, fungi, and bacteria. The latest data show that plant defensins do not only exhibit
antimicrobial activity against human pathogenic microorganisms, but also possess im-
munomodulatory action. For instance, defensin from Capsicum chinense modulates the
innate immune response of bovine mammary epithelial cells infected with Staphylococcus au-
reus by inducing the production of both pro-inflammatory cytokines TNF-α and IL-1β and
anti-inflammatory IL-10 [11]. Another example is the engineered analog of plant defensins
EgK5, which suppresses antigen-triggered proliferation of effector memory T-cells (TEM), a
subset enriched among pathogenic autoreactive T-cells in autoimmune diseases [12]. Lentil
defensin Lc-def, as we showed recently, inhibits the growth of different Candida species,
as well as possesses immunomodulatory activity and increases the production of such
essential for immunity to candidiasis pro-inflammatory cytokines as IL-12 and IL-17 by
human immune cells [13].

The aim of this study was to investigate for the first time the immunomodulatory action
of plant defensins upon the Candida albicans infection using the antifungal pea defensin Psd1
as a case study. The pea defensin Psd1 was chosen for these experiments due to a number
of reasons. It exhibits pronounced antifungal activity and effectively inhibits the growth of
different strains of C. albicans [14,15]. Psd1 interacts with specific cell wall/membrane lipid
targets, such as glucosylceramide (GlcCer) and ergosterol, which determines its antifungal
and antitumor action. At the same time, this peptide has low affinity with cholesterol-rich
membranes, explaining the reduced toxicity of Psd1 to human cells [16,17]. Moreover,
as demonstrated, Psd1 does not only inhibit the formation of lung metastasis nodules
in a murine model in vivo, but also decreases the number of inflammatory cells in lung
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tissues [17]. We supposed that the latter can be determined by an immunomodulatory
action of Psd1. In the present work, we simulated in vitro the development of intestinal
candidiasis by using not only Caco-2 cells, but also Caco-2/immune cells co-culture upon
the C. albicans infection that takes into account epithelial-immune cells crosstalk. By using
real-time PCR and multiplex xMAP approaches we investigated the impact of the pea
defensin Psd1 on epithelial and epithelial-immune cell responses upon fungal infection
with C. albicans.

2. Results and Discussion
2.1. Influence of the Pea Psd1 on Defense Response of Intestinal-like Epithelial Cells upon the
Candida albicans Infection

In the first stage of our work, we investigated the influence of pea defensin Psd1 on
epithelial monolayer upon the Candida albicans infection. It is known that colonization of
yeast cells on the epithelium surface elicits a protective immune response. This response
includes upregulation and secretion of such AMPs as human beta defensins (HBD), cathe-
licidin LL37, and histatin. Infection-mediated activation of epithelial cells results in the
production of such pro-inflammatory cytokines as IL-1β, IL-6, and IL-8/CXCL8. This
causes recruiting of granulocytes and immune cells to the site of inflammation and the
differentiation of CD4+ T-cells into Th-17 type, producing IL-17 and Th-1 type, actively
producing IFNγ, which determines anti-Candida immunity. However, the formation of
fungal hyphae on the epithelial cells leads to inhibition of AMPs secretion, a decrease in the
production of pro-inflammatory cytokines, and eventually switching the immune response
to Th-2 or T-reg types, characterized by the production of anti-inflammatory cytokines,
which determines the development of systemic candidiasis [3,5].

Therefore, using real-time PCR we investigated the influence of the pea antifungal
defensin Psd1 on the expression of IL-1β, IL-8/CXCL8, and HBD-2 genes by epithelium
cells upon the Candida albicans infection after 4 h and 24 h. For that polarized Caco-2
monolayer co-culture with C. albicans was used. The human epithelial cell line Caco-2 is
originally derived from a colon carcinoma, but has the ability to spontaneously differen-
tiate into a monolayer of cells with many properties typical of absorptive enterocytes of
small intestine [18]. C. albicans v47a3 was used at the concentration of 5 × 104 cells/mL
(1.3 × 104 cells/cm2) that did not disrupt epithelial monolayer after yeast cell growth for
24 h. Psd1 was active against this strain of C. albicans and exhibited 50% growth inhibition
of yeast cells at a concentration of 25 µM and did not affect the morphology of the fungus
(Supporting Materials, Figure S1). For investigation of its immunomodulatory effect, pep-
tide was added to Caco-2/C. albicans co-culture at a final concentration of 2 µM, in which
the pea defensin did not inhibit the growth of C. albicans (Figure 1A,C). We have previously
shown that Psd1 was stable to proteolysis by Candida albicans enzymes [13]. Therefore, as
we assume, the peptide could remain intact for a long time in Caco-2 monolayer co-culture
with C. albicans.

Microscopic analysis revealed the absence of significant yeast growth after 4 h
(Figure 1A). At the same time, an increase in the yeast cell concentration was observed after
24 h, and switching of C. albicans growth to the hyphal form in the presence of intestinal-like
epithelial cells took place (Figure 1C). Analysis of gene expression after Caco-2 treatment
during 4 h revealed that the presence of C. albicans cells, as expected, induced the produc-
tion of HBD-2 and both pro-inflammatory cytokines by epithelial cells. The presence of
Psd1 also upregulated all three genes. At the same time, a more pronounced activation of
the protective immune response was observed in the presence of both pathogenic fungus
and pea defensin, especially in the case of HBD-2 gene (Figure 1B). Otherwise, gene expres-
sion of HBD-2 and IL-1β and IL-8/CXCL8 was downregulated after 24 h of infection by C.
albicans. Immunostimulatory action of Psd1 was observable 24 h after the infection. It is
important to note that the presence of the pea defensin significantly reduced the inhibitory
effect of pathogenic fungus on the production of pro-inflammatory cytokines and HBD-2
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(the difference between Candida and Candida with Psd1 is significant for all three genes,
p < 0.05) (Figure 1D).
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Figure 1. Caco-2 co-culture with Candida albicans in the presence or absence of 2 µM Psd1 after 4
(A) and 24 h (C) incubation (×400 magnification). Relative to control (untreated Caco-2 cells) expression
of HBD-2, IL-1β, and IL-8/CXCL8 genes by epithelial cells after 4 (B) and 24 h (D) incubation with C. albi-
cans in the presence or absence of 2 µM Psd1. Data are representative of two different experiments ± SD
(standard deviation). Significance levels are (relative to control): * p < 0.05, ** p < 0.01, *** p < 0.005.

Thus, we concluded that Psd1 possesses immunomodulatory action on intestinal-like
epithelial cells and may reduce pathogen-induced suppression of the protective epithelial
response upon the C. albicans infection.

2.2. Transport of the Pea Defensin Psd1 across the Intestinal Epithelial Barrier and Cytotoxicity Assay

Next, we decided to investigate whether the pea defensin can pass through Caco-2
monolayer mimicking the gastrointestinal epithelial barrier. Proteins labeled with flu-
orescent probes are widely used for an assessment of the permeability through Caco-2
polarized monolayers [19]. Therefore, FITC-labelled Psd1 was obtained and used for the
investigation of the intestinal absorption and efflux of the pea defensin in vitro. Estimation
of “apical-to-basolateral” (A→B, absorptive) and “basolateral-to-apical” (B→A, secretory)
bidirectional transport of the defensin across the Caco-2 epithelial barrier was performed.
Apparent permeability A→B coefficients (Papp) for Psd1 measured in four independent
inserts were within the range of 2.63–3.71 × 10−6 cm/s (Figure 2), which predicts a moder-
ate transepithelial absorption of the Psd1 in the human gut. The established relationship
between the in vivo absorption of drugs in humans and Papp values allows to correlate Papp
values ~2–10 × 10−6 cm/s with a 20–70% absorption in the gut which could be expected in
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humans [20]. Higher Papp in the B→A direction was observed: 6.96 ± 0.22 for B→A versus
3.04 ± 0.24 for A→B. The uptake (UR) and efflux ratios (ER) have also been calculated and
were shown to be 0.44 and 2.29, respectively. An efflux ratio >2 is considered to indicate an
active efflux [21]. Several efflux pumps have been shown to be present in Caco-2 cells, such
as P-glycoprotein (ABCB1), breast cancer resistance protein (BCRP/ABCG2), or multi-drug
resistance protein 2 (MRP2/ABCC2). The efflux ratio (ER) of 2.29 suggests that the pea
defensin Psd1 may be subject to active efflux in the human intestine. However, this efflux
is quite weak (ER < 3), as known model substrates of efflux pumps, such as vinblastine
(substrate of MRP2), mitoxantrone (substrate of BCRP), and digoxin (substrate of P-gp),
have ER > 10.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 17 
 

 

transepithelial absorption of the Psd1 in the human gut. The established relationship be-
tween the in vivo absorption of drugs in humans and Papp values allows to correlate Papp 
values ~2–10 × 10−6 cm/s with a 20–70% absorption in the gut which could be expected in 
humans [20]. Higher Papp in the B→A direction was observed: 6.96 ± 0.22 for B→A versus 
3.04 ± 0.24 for A→B. The uptake (UR) and efflux ratios (ER) have also been calculated and 
were shown to be 0.44 and 2.29, respectively. An efflux ratio >2 is considered to indicate 
an active efflux [21]. Several efflux pumps have been shown to be present in Caco-2 cells, 
such as P-glycoprotein (ABCB1), breast cancer resistance protein (BCRP/ABCG2), or 
multi-drug resistance protein 2 (MRP2/ABCC2). The efflux ratio (ER) of 2.29 suggests that 
the pea defensin Psd1 may be subject to active efflux in the human intestine. However, 
this efflux is quite weak (ER < 3), as known model substrates of efflux pumps, such as 
vinblastine (substrate of MRP2), mitoxantrone (substrate of BCRP), and digoxin (substrate 
of P-gp), have ER > 10. 

It was shown previously that pea Psd1 is not toxic for Beas-2B human bronchial epi-
thelial cells [16]. Here we investigated the cytotoxic action of the pea Psd1 on human im-
mune cells by using a human peripheral blood mononuclear cells (PBMCs) fraction. As 
expected, defensin had no cytotoxic activity on PBMCs. Cell viability of 100% was ob-
served even at the peptide concentration of 50 µM, unlike membrane-active peptide melit-
tin, which induced 50% cell death at a concentration of 6.25 µM (Supporting Materials, 
Figure S2). 

Thus, we showed that the pea defensin Psd1 may be adsorbed by the intestinal-like 
epithelial cells and has no cytotoxic action on immune cells. 

 
Figure 2. Bidirectional “apical-to-basolateral” (A→B) and “basolateral-to-apical” (B→A) transport of 
the pea defensin Psd1 across the Caco-2 epithelial barrier. 

2.3. Direct Immunomodulatory Action of the Pea Defensin Psd1 on Human Dendritic Cells and 
Blood Monocytes 

Further, we studied the direct immunomodulatory action of the pea defensin Psd1 
on human immune cells. In the current work, we focused on the responses of such two 
key types of innate immune system cells upon the Candida albicans infection as monocyte-
derived dendritic cells (moDCs) and monocytes. DCs patrol the peripheral tissues beneath 
mucosal surfaces and are recruited to the site of infection in response to secreted by epi-
thelial cells chemokines and AMPs, particularly HBD, upon the microbial infection. More-
over, DCs play an important role in the initiation of adaptive T-cell-mediated immune 
responses against C. albicans [3,6]. Circulating monocytes are believed to play also an im-
portant role in immune responses to Candida infection, as they are recruited to the infected 
tissue where they differentiate into inflammatory macrophages [22]. Quantitative 
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the pea defensin Psd1 across the Caco-2 epithelial barrier.

It was shown previously that pea Psd1 is not toxic for Beas-2B human bronchial
epithelial cells [16]. Here we investigated the cytotoxic action of the pea Psd1 on human
immune cells by using a human peripheral blood mononuclear cells (PBMCs) fraction.
As expected, defensin had no cytotoxic activity on PBMCs. Cell viability of 100% was
observed even at the peptide concentration of 50 µM, unlike membrane-active peptide
melittin, which induced 50% cell death at a concentration of 6.25 µM (Supporting Materials,
Figure S2).

Thus, we showed that the pea defensin Psd1 may be adsorbed by the intestinal-like
epithelial cells and has no cytotoxic action on immune cells.

2.3. Direct Immunomodulatory Action of the Pea Defensin Psd1 on Human Dendritic Cells
and Blood Monocytes

Further, we studied the direct immunomodulatory action of the pea defensin Psd1 on
human immune cells. In the current work, we focused on the responses of such two key
types of innate immune system cells upon the Candida albicans infection as monocyte-
derived dendritic cells (moDCs) and monocytes. DCs patrol the peripheral tissues beneath
mucosal surfaces and are recruited to the site of infection in response to secreted by
epithelial cells chemokines and AMPs, particularly HBD, upon the microbial infection.
Moreover, DCs play an important role in the initiation of adaptive T-cell-mediated immune
responses against C. albicans [3,6]. Circulating monocytes are believed to play also an
important role in immune responses to Candida infection, as they are recruited to the
infected tissue where they differentiate into inflammatory macrophages [22]. Quantitative
assessment of cytokines, chemokines, and growth factors in culture media at a protein level
was performed by multiplex xMAP technology, which is based on the simultaneous usage
of different types of magnetic microspheres conjugated with primary antibodies. Thus, the
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principle of multiplex xMAP technology is the same as in ELISA assay except that primary
antibodies are conjugated to magnetic microspheres but not coated on polystyrene surfaces.

In these experiments, human immune cells were treated for 24 h by Psd1 also at
a concentration of 2 µM. We found that Psd1 activated immune cells and increased the
production of pro-inflammatory (TNFα, IL-8, IL-12, IL-15, IP-10, MCP-1, MCP-3, MIG,
MIP-1α, MIP-1β, GM-CSF), anti-inflammatory (IL-5, IL-10, G-CSF, IL-1RA) cytokines and
chemokines, as well as cytokines with ambiguous action (IL-6, IL-27). It is interesting to
note that the pea defensin increased almost the same analytes in both cultures, moDCs,
and monocytes (Figure 3): TNFα, IL-6, IL-8, IP-10, MCP-3, and G-CSF. Moreover, the
increase in several cytokines, such as IL-12 (p = 0.0087), IL-15 (p = 0.013), IL-27 (p = 0.011),
and chemokine MCP-1 (p = 0.024) in response to incubation with Psd1 was statistically
significant in moDCs, but failed to reach statistical significance in case of monocytes
(Supporting Materials, Table S1).

As shown various cytokines produced by epithelial and immune cells play an im-
portant role in immunity upon the Candida albicans infection. Cytokines are involved
not only in the recruiting of immune cells to the site of infection but also in immune cell
communication, providing regulation of inflammatory response, and interaction between
different components of innate and T-helper (Th) immunity [23]. A key role of not only
pro-inflammatory cytokines TNFα, IL-6, IL-12, and IL-17, but also anti-inflammatory IL-4
and IL-10 has been established by using experimental models of Candida albicans infections
and cytokine-deficient mice [23,24]. In our study we found that the pea defensin Psd1 in-
creased production of TNFα which attracts and activates neutrophils for antifungal effector
functions as well as IL-12, IL-10, and IL-6, playing a crucial role in Th1-mediated protective
anti-Candida immune response.

Thus, we showed that the pea defensin has an immunomodulatory effect, and after
transport through intestinal epithelium, it can stimulate immune cells and induce the
production of various pro- and anti-inflammatory cytokines by various immune cells.

2.4. Role of Epithelial-Immune Cells Crosstalk in the Caco-2/Immune Cells Co-Culture upon the
Candida albicans Infection

Model systems of cell co-culture are often used to study the mechanisms of candidiasis.
On the one hand, Caco-2 cells co-culture with the C. albicans model is widely used for
the study of intestinal infection [25]. On the other hand, immune cells co-culture with
the C. albicans model is a common approach to study immune responses during fungal
infection [26]. To the best of our knowledge, in this study for the first time we used Caco-
2/immune cells co-culture with C. albicans, taking into account the communication between
epithelial and immune cells upon the fungal infection.

The co-culture model consisted of immune cells (moDCs or monocytes) lying on
the bottom of the culture well, and a Caco-2 polarized monolayer, mimicking intestinal
epithelium, on a permeable insert. Immune cells were located on the serosal side of the
epithelial barrier. In some inserts Candida albicans was loaded to the apical side of the
epithelium, mimicking intestinal lumen colonization with this pathogenic fungus. This
co-culture model allows yeast cells to contact only with the apical side of epithelial cells, but
not with immune cells. Culture medium, containing cytokines, chemokines, and growth
factors, produced by both epithelial and immune cells, was taken from basolateral chambers
and analyzed by multiplex xMAP technology after incubation during 24 h when C. albicans
cells switched to hyphal form.
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Figure 3. Profiles of cytokines, chemokines, and growth factors production by dendritic cells and
monocytes in vitro in response to stimulation with 2 µM of Psd1. Error bars represent a standard
deviation (±SD) between two replications. Significance levels are: * p < 0.05, ** p < 0.01, *** p < 0.0005,
**** p < 0.0001.
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To estimate the impact of Candida albicans on cytokine production by intestinal-like
epithelium, Caco-2 polarized monolayer without immune cells was used. We did not find
a pronounced immune response according to the production of cytokines, chemokines,
and growth factors, including in our multiplex panel, by epithelial cells in response to
infection with C. albicans for 24 h (Supporting Materials, Table S1). It is worth mentioning
that the production of pro-inflammatory IL-8/CXCL8 by Caco-2 cells was downregulated
by Candida albicans, which was also shown by us on the mRNA level in real-time PCR
experiments (Figure 1). A decrease in concentrations of IL-13 and IL-18 was also observed.

The situation was changed in the Caco-2/immune cells co-culture used. Interestingly,
the immune response in the presence of dendritic cells and monocytes, which perform dif-
ferent immune functions and appear in the site of inflammation during infection at various
time, was completely different. In Caco-2/dendritic cells co-culture an infection of epithe-
lial cells by C. albicans induced production of many immune factors including cytokines
TNFα, IL-6 and IL-12, chemokine IL-8/CXCL8, hematopoietic growth factors G-CSF and
GM-CSF critical for polymorphonuclear neutrophils recruitment and activation [27], and
MIP-1α and MIP-1β, taking part in recruiting of monocytes to the site of inflammation [26]
(Figure 4; Supporting Materials, Table S1). It seems that tissue-resident DCs might be able
to stimulate TNFα-mediated granulopoiesis, induce IL-8/CXCL8-mediated chemotaxis of
neutrophils to the site of infection, recruit and activate neutrophils by G-CSF and GM-CSF
production, and recruit monocytes by upregulated MIP (Figure 5). We also found that
infection of epithelial cells in Caco-2/DCs co-culture by C. albicans induced slight, but
statistically significant (p < 0.0001), production of IL-27, which is a member of the IL-12
family of cytokines and is produced by myeloid cells in response to selected Candida spp.
(Figure 5) [28].

Quite a different situation was observed in the case of Caco-2/monocytes co-culture,
where significant inhibition in the production of many cytokines, chemokines, and growth
factors studied was registered (Figures 4 and 5; Supporting Materials, Table S1). Possibly,
infiltrated monocytes might be attracted by MIP-1 produced by DCs during later stages of
fungal infection and do not exhibit pro-inflammatory properties, but produce MIG/CXCL9
chemokine which plays an important role in the recruitment of activated T-cells to the site
of infection. MIG/CXCL9 enhances both Th-1 and Th-2 polarization, but they selectively
attract Th-1 cells while inhibiting the migration of Th-2 cells [29].

Thus, by using Caco-2/immune cells co-culture we showed an important role of
communication between epithelial and immune cells upon the C. albicans infection, which
leads to pronounced activation of the immune response. Our data demonstrated that using
epithelial cells in co-culture with various types of immune cells may provide new data
regarding cellular response to fungal infection.

2.5. Impact of the Pea Defensin Psd1 on Cellular Response in the Caco-2/Immune Cells Co-Culture
upon the Candida albicans Infection

In the next stage of our work, we investigated the influence of pea defensin Psd1 on
cellular response in Caco-2/immune cells co-culture upon the Candida albicans infection.
For that Psd1 at the concentration of 2 µM was added to the apical side of the epithelium in
the presence or absence of pathogenic fungal cells. Analysis of immune factors production
was performed also after incubation for 24 h when the hyphal form of C. albicans on the
surface of the epithelium was observed.
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Figure 4. Profiles of cytokines, chemokines, and growth factors production by dendritic cells and
monocytes in Caco-2/immune cells co-culture model. Error bars represent a standard deviation (±SD)
between two replications. Significance levels are: * p < 0.05, ** p < 0.01, *** p < 0.0005, **** p < 0.0001.
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We revealed that Psd1 itself had no significant direct immunomodulatory action on
epithelial cells. Only the increase in IL-6, IL-8/CXCL8, and IP-10 was observed. Upregulation
of IL-8/CXCL8 in Caco-2 cells treated by Psd1 was also shown in real-time PCR experiments
(Figures 1 and 4; Supporting Materials, Table S1). Surprisingly, there was also no significant
induction of an immune response in Caco-2/immune cells co-culture with Psd1, in contrast
to the direct stimulation of dendritic cells or monocytes by the peptide (Figures 3 and 4;
Supporting Materials, Table S1). A slight decrease in the production of pro-inflammatory
cytokine IL-1β, IL-6, and MIG/CXCL9 chemokine was observed in Caco-2/dendritic cells
co-culture. On the contrary, in the case of Caco-2/monocytes co-culture, we revealed a
statistically significant increase in the production of IL-2, IL-10, MDC as well as IL-17, which
is mainly produced as known by T helper 17 cells (Th17), recruits and activates neutrophils,
and plays a key role in immune defense against Candida albicans infection (Figures 4 and 5;
Supporting Materials, Table S1) [6]. It is worth noting that the direct action of Psd1 on
monocytes upregulated the same cytokines/chemokines (Figure 3; Supporting Materials,
Table S1). As a result, we concluded that the range of soluble immune factors in the Psd1-
treated Caco-2/immune cells co-culture is mainly determined by crosstalk between epithelial
and immune cells and, to a lesser extent, defensin penetration through the epithelial barrier
and subsequent direct stimulation of immune cells.

Further, we found that the pea defensin changed immune response and mainly negated
the stimulatory or inhibitory effects of the Candida albicans infection on co-cultures of Caco-
2 with dendritic cells or monocytes, respectively. In particular, the presence of Psd1
inhibited the production of TNFα, IL-6, IL-8/CXCL8, IL-12, IL-27, G-CSF, GM-CSF, and
MIPs, induced by C. albicans in Caco-2/dendritic cells co-culture, although defensin itself
had a stimulating effect on dendritic cells (Figures 3–5; Supporting Materials, Table S1).
Unlike, the presence of Psd1 decreased inhibiting action of pathogenic fungus on the
production of IL-8/CXCL8, IL-12, TNFα, G-CSF, and GM-CSF in Caco-2/monocytes co-
culture. Moreover, Psd1 in this system increased the production of IL-4, taking part not only
in anti-inflammatory Th-2 type immune response, but also, as proposed, in the induction of
CD4+ Th-1 protective responses due to combined action on the cells of innate and adaptive
immunity [30]. Moreover, Psd1 statistically significantly (p < 0.05) increased in Caco-
2/monocytes co-culture upon the C. albicans infection the production of IL-22, which is
mainly produced by Th-17 cells, controls the growth of yeasts and contributes to the host’s
epithelial integrity in the absence of acquired Th-1 type immunity [31] (Figures 4 and 5;
Supporting Materials, Table S1). Our data suggested that not only adaptive Th-17 cells,
but also some innate antigen-presenting cells such as dendritic cells and monocytes, might
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act as a source of IL-17 and IL-22 during infection by Candida albicans. On another hand,
Psd1 particularly did not affect reduced by C. albicans production of IL-1, IL-10, and IL-12,
but decreased the production of MIG/CXCL9 chemokine in Caco-2/monocytes co-culture
upon the fungal infection (Figures 4 and 5; Supporting Materials, Table S1).

Thus, we showed that the pea defensin Psd1 poorly affected the cytokine profiles of
co-cultured epithelial and immune cells, but had a pronounced immunomodulatory action
on these co-culture models upon the C. albicans infection, modulating the mechanism of
cellular response. We assumed that Psd1 may prove to be effective during the development
of candidiasis by prevention of fungal-mediated suppression of the host defense response
of epithelial cells and is able to remodulate excessive pro-inflammatory response induced
by immune cells. At the same time, it cannot be ruled out that the observed effects of Psd1
upon the infection may also be due to the influence of the pea defensin on the metabolism
and pathogenicity of C. albicans.

Summing up all data obtained, we showed that the pea defensin Psd1 does not
only have anti-Candida activity, but also exhibits immunomodulatory action on epithelial
immunity during fungal infection. However, whether this immunomodulatory action
will help the immune system to cope with the infection in vivo or not is to be verified in
experiments with mice models of intestinal candidiasis.

3. Materials and Methods
3.1. Materials

The clinical isolate of Candida albicans (v47a3) was collected from the patient with
human immunodeficiency virus (HIV) infection and mucosal candidiasis and provided
by G.N. Gabrichevsky Research Institute for Epidemiology and Microbiology (Moscow,
Russia). This strain was susceptible to conventional antifungal agents except for a slight
increase in the minimal inhibitory concentrations for triazole derivatives as was shown
using the broth dilution method according to [31] (Supporting Materials, Tables S2 and S3).
Strain stock was kept at −70 ◦C in 10% non-fat milk with 10% glycerol. Melittin (>98%
pure) synthesized using a standard solid-phase method was provided by Dr. Sergey V.
Sychev in M.M. Shemyakin and Yu.A. Ovchinnikov Institute of Bioorganic Chemistry of
the Russian Academy of Sciences (Moscow, Russia).

3.2. Recombinant Production and Characterisation of the Pea Defensin Psd1

The pea defensin from Pisum sativum, designated as Psd1 (UNIPROT P81929), was
obtained as described previously [13]. The recombinant peptide was overexpressed in
Escherichia coli and purified from clarified cell lysate using metal chelate chromatography,
cleavage of the fusion protein His8-TrxL-Psd1 with cyanogen bromide and two-stage
reversed-phase high-performance liquid chromatography (RP-HPLC). Homogeneity and
the identity of the recombinant peptide sample were confirmed by SDS-PAGE, MALDI-
TOF mass spectrometry, and CD spectroscopy. Purified recombinant Psd1 was free of
lipopolysaccharide and other pyrogens, which was checked by comparing IL-1β levels in
control and Psd1-containing wells with monocytes in case of direct stimulation with the
peptide, as primary human monocytes represent a highly pyrogen-sensitive culture.

Antifungal activity of recombinant Psd1 against C. albicans v47a3 was tested by the
microdilution method using 96-well microplates mainly as described for this defensin
in [15]. Yeast cells in half-modified YPD broth at a final concentration of 104 cells/mL were
used. Final Psd1 concentrations in the wells were 100, 50, 25, 12.5, 6.25, 3.125, and 1.56 µM.
Plates were incubated at 30 ◦C for 24 h. Yeast growth was estimated using an inverted
microscope as well as by measuring the optical density at 540 nm. The percentage of growth
inhibition was defined as growth inhibition(%) = ((Acontrol − Asample)/Acontrol) × 100%.
All of the experiments were performed twice in triplicate.
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3.3. Human Cell Lines and Cultures

Primary peripheral blood mononuclear cells (PBMCs) collected from healthy donors
were purchased from American Type Culture Collection (ATCC PCS-800-011). Primary
CD14+ blood monocytes were isolated from PBMCs by adherence according to standard
technique [32]. Monocyte-derived mature dendritic cells (moDCs) were obtained from
CD14+ blood monocytes according to the previously reported protocol [33]. Briefly, blood
monocytes were incubated in a complete RPMI-1640 medium (Capricorn Scientific, Eb-
sdorfergrund, Germany), containing 10% fetal bovine serum (FBS, Capricorn Scientific,
Ebsdorfergrund, Germany), 1× antibiotic-antimycotic solution (Invitrogen, Waltham, MA,
USA), 800 U/mL rhGM-CSF (Sci-Store, Moscow, Russia) and 500 U/mL rhIL-4 (Sci-Store)
for 3 days in CellXpert C170i CO2-incubator (Eppendorf, Hamburg, Germany). Fresh
complete RPMI-1640 medium with rhGM-CSF and rhIL-4 was added to the culture on day
3. On day 5, fresh complete RPMI-1640 containing 100 U/mL rhTNF-α (Sigma-Aldrich, St.
Louis, MO, USA) as well as 800 U/mL rhGM-CSF and 500 U/mL rhIL-4 was added and
the culture was incubated for another 4 days until full maturation.

Colorectal adenocarcinoma Caco-2 cell line (ATCC HTB-37) was cultured in complete
DMEM/F12 (1:1) (Gibco, Waltham, MA, USA) medium containing 10% FBS (Capricorn Sci-
entific) and 1× antibiotic-antimycotic solution (Invitrogen) in a humidified CO2-incubator
(5% CO2, 37 ◦C).

For growing cells, mimicking epithelial barriers in vitro, Caco-2 cells were seeded onto
24-well polycarbonate Millicell cell culture inserts (0.4 µm, 0.6 cm2 surface area) (Millipore,
Burlington, MA, USA), precoated with 0.2% bovine gelatin (Sigma-Aldrich), at a density
of 2.5 × 105 cells/cm2. The cells were grown for 21 days in a complete DMEM/F12 (1:1)
medium with re-feeding every 2–3 days with a fresh complete medium. The integrity
of the Caco-2 cell monolayer was checked by measuring the transepithelial electrical
resistance (TEER) using a Millicell-ERS Voltohmmeter (Millipore). Only cell monolayers
with TEER > 400 Ωcm2 (after subtracting TEER in blank inserts without Caco-2 cells) were
used in transport across epithelial monolayer and cytokine production experiments.

Candida albicans cells in stock were inoculated onto modified YPD (yeast extract 5 g/L,
peptone 10 g/L, glucose 10 g/L) agar plates, and incubated for 24 h at 37 ◦C. After replating,
cells were cultured in complete RPMI-1640 (Capricorn Scientific) without antibiotics at
37 ◦C to optical density 1.0 at 540 nm, centrifuged, and diluted up to the concentration of
5 × 104 cells/mL in fresh RPMI-1640 without FBS and antibiotics. In the case of studying
combined action on the epithelium of yeast cells and the pea Psd1 recombinant peptide was
dissolved in water at the concentration of 200 µM and was added to yeast cell suspension
up to the final concentration of 2 µM. Yeast growth and morphology in the presence or
absence of peptide under co-cultivation with Caco-2 cells in a 24-well plate were estimated
using an inverted microscope, Olympus CKX41 (Olympus, Tokyo, Japan).

3.4. Labeling of the Pea Defensin Psd1 with FITC

The recombinant Psd1 was labeled with fluorescein isothiocyanate isomer I (FITC)
(Sigma-Aldrich). For this, 0.5 mg of Psd1 was reconstituted in 20 µL of DMSO, then added
to 100 µL of the buffer for coupling (0.1 M sodium carbonate, 0.1 M sodium bicarbonate,
pH 10.8) and 3.7 mg of FITC in 100 µL of DMSO. The coupling reaction was conducted for
2 h at room temperature in the dark. In order to purify FITC-Psd1, the reaction mixture was
loaded onto the PD10 gel-filtration column (GE Healthcare, Chicago, IL, USA) previously
equilibrated with transport buffer (Hank’s balanced salt solution, containing 1 mM MgCl2,
1 mM CaCl2, and 10 mM D(+)glucose, pH 7.4).

3.5. Transport of FITC-Psd1 across the Caco-2 Epithelial Barrier

Transport of FITC-Psd1 across the Caco-2 epithelial barrier in vitro was performed
in the transport buffer. Bidirectional “apical-to-basolateral” (A→B) and “basolateral-to-
apical” (B→A) transport of FITC-Psd1 in the transport buffer across epithelial barrier was
investigated. The “apical-to-basolateral” assay was initiated by adding 0.4 mL of 2 µM
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FITC-Psd1 to the apical (luminal) side of the monolayer and 0.7 mL of the transport buffer
(pH 7.4) to the basolateral side of the monolayer. The “basolateral-to-apical” assay was
performed in a similar manner, except that 0.4 mL of the transport buffer (pH 7.4) was
added to the apical side and 0.7 mL of 2 µM FITC-Psd1 to the basolateral (serosal) side. All
solutions were pre-warmed to 37 ◦C before taking into the transport experiment. Transport
in vitro across Caco-2 barriers was conducted for 90 min in 4 independent inserts for each
studied transport variant.

An apparent permeability coefficient (Papp) was calculated for each insert according to
the following equation:

Papp = (V/(A × Ci)) × ∆C/∆t, (1)

where V is the volume of the acceptor chamber, A is the area of the membrane insert, Ci is the
initial concentration of Psd1, and ∆C/∆t is the solute flux across the barrier. Uptake ratio:

UR = Papp(A→B)/Papp(B→A), (2)

and efflux ratio:
ER = Papp(B→A)/Papp(A→B), (3)

for Psd1 were calculated from averaged apparent permeability coefficients measured in
4 independent inserts. Monolayer integrity was checked by measuring TEER before and
after the end of the experiment.

3.6. Cytokines/Chemokines/Growth Factors Production by Human Cell Cultures

Monocytes and moDCs were seeded into the wells of 48- and 24-well plates in the
complete RPMI-1640 medium supplemented with 10% human AB serum (HABS, Capricorn
Scientific) without antibiotics 24 h prior to the experiment, and kept in a humidified CO2-
incubator (5% CO2, 37 ◦C). After 24 h, the medium in the wells of the 48-well plate was
replaced by fresh complete RPMI-1640 medium with 10% HABS, supplemented with 2 µM of
Psd1 for the sample wells or fresh medium alone for the control wells. Medium in the wells of
the 24-well plate was replaced by fresh complete RPMI-1640 medium with 10% human serum
without antibiotics. Then, Millicell inserts with Caco-2 monolayers with TEER > 400 Ωcm2

were placed into the wells of the 24-well plate, containing monocytes or moDCs. Wells with
Millicell inserts with Caco-2 monolayers without immune cells were used as control wells.
Medium in apical chambers of Millicell inserts was replaced by fresh complete RPMI-1640
with 10% human serum medium containing Psd1 at the final concentration of 2 µM or Candida
albicans at the concentration of 5 × 104 cells/mL or yeast cells together with the pea defensin
at the same concentration. Fresh complete RPMI-1640 medium only with 10% human serum
and without antibiotics was used in control wells. Plates were kept in CO2-incubator (5%
CO2, 37 ◦C) for another 24 h. Culture supernatants from the wells of the 48-well plate and
basolateral chambers of the 24-well plate were collected and stored at −70 ◦C degrees less
than one month prior to the analytes assessment.

3.7. Cytokines/Chemokines/Growth Factors Assessment by Multiplex-Based Assay

The following 48 analytes were measured at a protein level by multiplex xMAP tech-
nology using the MILLIPLEX Human Cytokine/Chemokine/Growth Factor Panel A kit
(HCYTA-60K-PX48, Merck, Darmstadt, Germany): sCD40L, EGF, Eotaxin-1/CCL11, FGF-
2/FGF-basic, Flt-3 ligand, Fractalkine/CX3CL1, G-CSF, GM-CSF, GROα/CXCL1, IFNα2,
IFNγ, IL-1α, IL-1β, IL-1RA, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8/CXCL8, IL-9, IL-10, IL-
12(p40), IL-12(p70), IL-13, IL-15, IL-17A/CTLA8, IL-17E/IL-25, IL-17F, IL-18, IL-22, IL-27,
IP-10/CXCL10, MCP-1/CCL2, MCP-3/CCL7, M-CSF, MDC/CCL22, MIG/CXCL9, MIP-
1α/CCL3, MIP-1β/CCL4, PDGF-AA, PDGF-AB/BB, RANTES/CCL5, TGFα, TNFα, TNFβ,
and VEGF-A. Multiplex-based assay read-out was performed using the MAGPIX system
(Merck) with the xPONENT 4.2 software (Merck) in accordance with the manufacturer’s
instruction with overnight incubation of the samples with primary antibodies. A final analysis
was carried out with the MILLIPLEX Analyst v5.1 software (Merck). Measurements were
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performed twice for each sample. Release of the analytes in control and experimental samples
was compared with an unpaired two-sample t-test using GraphPad Prism v.8.0.1 (GraphPad
Software, Inc., San Diego, CA, USA). The p values ≤ 0.05 were considered significant.

3.8. Gene Expression of Pro-Inflammatory Cytokines and Antimicrobial Peptides
3.8.1. Stimulation of Caco-2 Cells

Caco-2 cells were seeded into the wells of 24-well plates in the complete RPMI-1640
medium containing 10% FBS and 1X antibiotic-antimycotic solution and kept in a humidi-
fied CO2-incubator (5% CO2, 37 ◦C). Cells were grown for 18 days and the medium was
changed twice a week. The presence of a cell monolayer was checked using an inverted
microscope and the plates were incubated one more week for complete polarization of
Caco-2 cells. Caco-2 cells were stimulated by adding fresh complete RPMI-1640 medium
without antibiotics, containing Psd1 at the final concentration of 2 µM or Candida albicans
at the concentration of 5 × 104 cells/mL (1.3 × 104 cells per cm2 of Caco-2 monolayer) or
yeast cells together with the pea defensin at the same concentration. RPMI-1640 medium
only was used in control wells.

3.8.2. RNA Isolation and cDNA Synthesis

Total RNA was isolated from Caco-2 cells using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions after 4 or 24 h of stimulation and cell washing by RPMI-
1640 medium. The quality and quantity of total RNA were determined by the A260/280
ratio using NanoPhotometer NP80 (Implen GmbH, München, Germany) as well as agarose
gel electrophoresis (Supporting Materials, Figure S3). RNase inhibitor (Evrogen, Moscow,
Russia) was added to the final preparation of total RNA. Two µg of total RNA was taken to
synthesize the cDNA using MINT-Universal cDNA synthesis kit (Evrogen, Moscow, Russia)
containing MMLV-based reverse transcriptase following the manufacturer’s instructions.

3.8.3. Real-Time PCR

Real-time PCR was performed on CFX Opus 96 Real-Time PCR System (Bio-Rad,
Hercules, CA, USA) using the SYBR Green PCR kit (Evrogen, Moscow, Russia) and target-
specific primers [34,35] (Supporting Materials, Table S4). The internal control housekeeping
gene GAPDH was amplified simultaneously in separate reaction tubes [36]. The reaction
conditions were set as follows: initial heating at 95 ◦C for 3 min, followed by 50 cycles of
reactions at 95 ◦C (15 s), followed by 62 ◦C (20 s), and finally 72 ◦C (30 s). Melt curves
were obtained using a temperature increment from 50 to 95 ◦C at 0.5 ◦C/5 s (Supporting
Materials, Figure S4). The threshold cycle number (CT) of reactions was determined using
the CFX Maestro 2.2 (version 5.2.008.0222) software (Bio-Rad, Hercules, CA, USA). The
efficiency of PCR was monitored by using LinRegPCR online tool (https://www.gear-
genomics.com/rdml-tools/) [37]. The relative expression of the genes of interest was
calculated by normalization to GAPDH using the standard 2−∆∆CT method. Unstimulated
Caco-2 cells after 4 and 24 h of incubation were used as controls. Experiments were
performed twice in six technical replications. Gene expression in controls and experimental
samples was compared with a t-test using GraphPad Prism v.8.0.1. The p-values ≤ 0.05
were considered significant.

3.9. Cytotoxicity Assay

The cytotoxic properties of the pea defensin Psd1 were investigated by resazurin-based
cell cytotoxicity assay as previously described [13]. In brief, PBMCs were seeded in 96-well
plates at 2× 106 cells per well in RPMI-1640 supplemented with 10% FBS and kept in a CO2
incubator for 24 h. After this, serial two-fold dilutions of defensin in a complete culture
medium were added to the wells at final concentrations from 0.2 to 50 µM and the plates
were incubated for 24 h. Resazurin (Sigma) was added at a final concentration of 70 µM, and
the plates were incubated overnight (16–18 h). Fluorescent resorufin was registered using a
535/595 filter at PlateReader AF2200 (Eppendorf). Untreated cells were used as negative
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controls. Non-ionogenic detergent Triton X-100 and membrane-active peptide melittin
from honeybee venom were used as positive controls. The cell viability was calculated
according to the following equation: cell viability (%) = (Fsample/Fcontrol) × 100%. Cell lysis
was monitored with an Olympus CKX41 microscope.

4. Conclusions

In the current study, we investigated in vitro host defense response upon the epithe-
lium colonization by Candida albicans and the immunomodulatory effect of the pea defensin
Psd1 upon the fungal infection. For this, we used not only Caco-2 cells co-culture with C.
albicans, but also for the first time Caco-2/immune cells co-culture upon the fungal infection
to take into account epithelial-immune cells crosstalk. We revealed that Psd1 was able to
pass through Caco-2 cell monolayer and exhibited immunomodulatory effects on both
epithelial and immune cells. We demonstrated that epithelial cells themselves responded
to the C. albicans infection by producing pro-inflammatory cytokines and antimicrobial
peptide HBD-2, but switching pathogenic fungus to hyphal form led to suppression of
the immune response. At the same time, Psd1 reduced pathogen-induced suppression of
the protective immune response of epithelial cells upon the fungal infection. We showed
that C. albicans induced a pronounced host defense response in Caco-2/immune cells
co-culture, but in the presence of dendritic cells or monocytes, which perform various
functions during infection, the immune response realized differently. We revealed that Psd1
had a pronounced immunomodulatory effect on the Caco-2/immune cells co-culture upon
the C. albicans infection, modulating the mechanism of the immune response. However,
to conclude whether the pea defensin Psd1 might be a promising antifungal peptide with
immunomodulatory action, further experiments in vivo with mice models of intestinal
candidiasis should be performed.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms24097712/s1.

Author Contributions: Conceptualization, I.V.B. and E.I.F.; data curation, E.I.F. and I.V.B.; fund-
ing acquisition, E.I.F.; investigation, I.V.B., E.I.F., A.D.V. and S.I.F.; methodology, I.V.B. and E.I.F.;
writing—original draft, I.V.B. and E.I.F.; writing—review and editing, T.V.O.; supervision, T.V.O. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation (project No. 22-25-00654).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated and analyzed during this study are included in this
published article and its Supplementary Materials File.

Acknowledgments: The authors thank Sergey V. Sychev for melittin peptide synthesis.

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

References
1. Sprague, J.L.; Kasper, L.; Hube, B. From Intestinal Colonization to Systemic Infections: Candida albicans Translocation and

Dissemination. Gut Microbes 2022, 14, e2154548-14. [CrossRef]
2. Orlandini, R.K.; Bepu, D.A.N.; Saraiva, M.D.C.P.; Bollela, V.R.; Motta, A.C.F.; Lourenço, A.G. Are Candida albicans isolates from

the oral cavity of HIV-infected patients more virulent than from non-HIV-infected patients? Systematic review and meta-analysis.
Microb. Pathog. 2020, 149, 104477. [CrossRef] [PubMed]

3. Tong, Y.; Tang, J. Candida albicans Infection and Intestinal Immunity. Microbiol. Res. 2017, 198, 27–35. [CrossRef]
4. Sudbery, P.E. Growth of Candida albicans Hyphae. Nat. Rev. Microbiol. 2011, 9, 737–748. [CrossRef]
5. Valand, N.; Girija, U.V. Candida Pathogenicity and Interplay with the Immune System. Adv. Exp. Med. Biol. 2021, 1313, 241–272.

[CrossRef] [PubMed]
6. Richardson, J.P.; Moyes, D.L. Adaptive Immune Responses to Candida albicans Infection. Virulence 2015, 6, 327–337. [CrossRef]
7. Wu, D.; Fu, L.; Wen, W.; Dong, N. The Dual Antimicrobial and Immunomodulatory Roles of Host Defense Peptides and Their

Applications in Animal Production. J. Anim. Sci. Biotechnol. 2022, 13, 141. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24097712/s1
https://doi.org/10.1080/19490976.2022.2154548
https://doi.org/10.1016/j.micpath.2020.104477
https://www.ncbi.nlm.nih.gov/pubmed/32920148
https://doi.org/10.1016/j.micres.2017.02.002
https://doi.org/10.1038/nrmicro2636
https://doi.org/10.1007/978-3-030-67452-6_11
https://www.ncbi.nlm.nih.gov/pubmed/34661898
https://doi.org/10.1080/21505594.2015.1004977
https://doi.org/10.1186/s40104-022-00796-y
https://www.ncbi.nlm.nih.gov/pubmed/36474280


Int. J. Mol. Sci. 2023, 24, 7712 16 of 17

8. Sam, Q.H.; Yew, W.S.; Seneviratne, C.J.; Chang, M.W.; Chai, L.Y.A. Immunomodulation as Therapy for Fungal Infection: Are We
Closer? Front. Microbiol. 2018, 9, 1612. [CrossRef] [PubMed]

9. Perez-Rodriguez, A.; Eraso, E.; Quindós, G.; Mateo, E. Antimicrobial Peptides with Anti-Candida Activity. Int. J. Mol. Sci. 2022,
23, 9264. [CrossRef]

10. Fruitwala, S.; El-Naccache, D.W.; Chang, T.L. Multifaceted Immune Functions of Human Defensins and Underlying Mechanisms.
Semin. Cell Dev. Biol. 2019, 88, 163–172. [CrossRef]

11. Díaz-Murillo, V.; Medina-Estrada, I.; López-Meza, J.E.; Ochoa-Zarzosa, A. Defensin γ-thionin from Capsicum chinense Has
Immunomodulatory Effects on Bovine Mammary Epithelial Cells during Staphylococcus aureus Internalization. Peptides 2016, 78,
109–118. [CrossRef]

12. Ong, S.T.; Bajaj, S.; Tanner, M.R.; Chang, S.C.; Krishnarjuna, B.; Ng, X.R.; Morales, R.A.V.; Chen, M.W.; Luo, D.; Patel, D.; et al.
Modulation of Lymphocyte Potassium Channel KV1.3 by Membrane-penetrating, Joint-targeting Immunomodulatory Plant
Defensin. ACS Pharmacol. Transl. Sci. 2020, 3, 720–736. [CrossRef]

13. Finkina, E.I.; Bogdanov, I.V.; Ignatova, A.A.; Kanushkina, M.D.; Egorova, E.A.; Voropaev, A.D.; Stukacheva, E.A.; Ovchinnikova,
T.V. Antifungal Activity, Structural Stability, and Immunomodulatory Effects on Human Immune Cells of Defensin from the
Lentil Lens culinaris. Membranes 2022, 12, 855. [CrossRef]

14. Gonçalves, S.; Silva, P.M.; Felício, M.R.; de Medeiros, L.N.; Kurtenbach, E.; Santos, N.C. Psd1 Effects on Candida albicans Planktonic
Cells and Biofilms. Front. Cell Infect. Microbiol. 2017, 7, 249. [CrossRef]

15. de Medeiros, L.N.; Domitrovic, T.; de Andrade, P.C.; Faria, J.; Bergter, E.B.; Weissmüller, G.; Kurtenbach, E. Psd1 binding
affinity toward fungal membrane components as assessed by SPR: The role of glucosylceramide in fungal recognition and entry.
Biopolymers 2014, 102, 456–464. [CrossRef] [PubMed]

16. Gonçalves, S.; Teixeira, A.; Abade, J.; de Medeiros, L.N.; Kurtenbach, E.; Santos, N.C. Evaluation of the Membrane Lipid Selectivity
of the Pea Defensin Psd1. Biochim. Biophys. Acta 2012, 1818, 1420–1426. [CrossRef] [PubMed]

17. Amaral, V.S.G.D.; Santos, S.A.C.S.; de Andrade, P.C.; Nowatzki, J.; Júnior, N.S.; de Medeiros, L.N.; Gitirana, L.B.; Pascutti,
P.G.; Almeida, V.H.; Monteiro, R.Q.; et al. Pisum sativum Defensin 1 Eradicates Mouse Metastatic Lung Nodules from B16F10
Melanoma Cells. Int. J. Mol. Sci. 2020, 21, 2662. [CrossRef] [PubMed]

18. Lea, T. Chapter 10: Caco-2 Cell Line. In The Impact of Food Bioactives on Health: In Vitro and Ex Vivo Models; Verhoeckx, K., Cotter, P.,
López-Expósito, I., Kleiveland, C., Lea, T., Mackie, A., Requena, T., Swiatecka, D., Wichers, H., Eds.; Springer: Cham, Switzerland,
2015; ISBN 978-3-319-15791-7.

19. Liu, X.; Zheng, S.; Qin, Y.; Ding, W.; Tu, Y.; Chen, X.; Wu, Y.; Yanhua, L.; Cai, X. Experimental Evaluation of the Transport
Mechanisms of PoIFN-α in Caco-2 Cells. Front. Pharmacol. 2017, 8, 781. [CrossRef]

20. Press, B. Optimization of the Caco-2 Permeability Assay to Screen Drug Compounds for Intestinal Absorption and Efflux. Methods
Mol. Biol. 2011, 763, 139–154. [CrossRef]

21. Crowe, A.; Wright, C. The Impact of P-glycoprotein Mediated Efflux on Absorption of 11 Sedating and Less-sedating Antihis-
tamines Using Caco-2 Monolayers. Xenobiotica 2012, 42, 538–549. [CrossRef]

22. Ngo, L.Y.; Kasahara, S.; Kumasaka, D.K.; Knoblaugh, S.E.; Jhingran, A.; Hohl, T.M. Inflammatory Monocytes Mediate Early and
Organ-Specific Innate Defense During Systemic Candidiasis. J. Infect. Dis. 2014, 209, 109–119. [CrossRef]

23. Mencacci, A.; Cenci, E.; Bacci, A.; Montagnoli, C.; Bistoni, F.; Romani, L. Cytokines in Candidiasis and Apergillosis. Curr. Pharm.
Biotechnol. 2000, 1, 235–251. [CrossRef]

24. Mengesha, B.G.; Conti, H.R. The Role of IL-17 in Protection against Mucosal Candida Infections. J. Fungi 2017, 3, 52. [CrossRef]
[PubMed]

25. Mao, X.; Qiu, X.; Jiao, C.; Lu, M.; Zhao, X.; Li, X.; Li, J.; Ma, J.; Zhang, H. Candida albicans SC5314 Inhibits NLRP3/NLRP6 Inflammasome
Expression and Dampens Human Intestinal Barrier Activity in Caco-2 Cell Monolayer Model. Cytokine 2020, 126, 154882. [CrossRef]
[PubMed]

26. Huang, C.; Levitz, S.M. Stimulation of Macrophage Inflammatory Protein-1alpha, Macrophage Inflammatory Protein-1beta, and
RANTES by Candida albicans and Cryptococcus neoformans in Peripheral Blood Mononuclear Cells from Persons with and without
Human Immunodeficiency Virus Infection. J. Infect. Dis. 2000, 181, 791–794. [CrossRef] [PubMed]

27. Van de Veerdonk, F.L.; Kullberg, B.J.; Netea, M.G. Adjunctive Immunotherapy with Recombinant Cytokines for the Treatment of
Disseminated Candidiasis. Clin. Microbiol. Infect. 2012, 18, 112–119. [CrossRef]

28. Patin, E.C.; Jones, A.V.; Thompson, A.; Clement, M.; Liao, C.T.; Griffiths, J.S.; Wallace, L.E.; Bryant, C.E.; Lang, R.; Rosenstiel,
P.; et al. IL-27 Induced by Select Candida spp. via TLR7/NOD2 Signaling and IFN-β Production Inhibits Fungal Clearance. J.
Immunol. 2016, 197, 208–221. [CrossRef]

29. Berthoud, T.K.; Dunachie, S.J.; Todryk, S.; Hill, A.V.; Fletcher, H.A. MIG (CXCL9) is a more Sensitive Measure than IFN-gamma of
Vaccine Induced T-cell Responses in Volunteers Receiving Investigated Malaria Vaccines. J. Immunol. Methods 2009, 340, 33–41.
[CrossRef]

30. De Luca, A.; Zelante, T.; D’Angelo, C.; Zagarella, S.; Fallarino, F.; Spreca, A.; Iannitti, R.G.; Bonifazi, P.; Renauld, J.C.; Bistoni, F.;
et al. IL-22 Defines a Novel Immune Pathway of Antifungal Resistance. Mucosal Immunol. 2010, 3, 361–373. [CrossRef]

31. EUCAST Definitive Document, E.DEF 7.3.2: Method for the Determination of Broth Dilution Minimum Inhibitory Concentrations
of Antifungal Agents for Yeasts. Available online: https://www.eucast.org/astoffungi/methodsinantifungalsusceptibilitytesting/
susceptibility_testing_of_yeasts/ (accessed on 22 April 2020).

https://doi.org/10.3389/fmicb.2018.01612
https://www.ncbi.nlm.nih.gov/pubmed/30090091
https://doi.org/10.3390/ijms23169264
https://doi.org/10.1016/j.semcdb.2018.02.023
https://doi.org/10.1016/j.peptides.2016.02.008
https://doi.org/10.1021/acsptsci.0c00035
https://doi.org/10.3390/membranes12090855
https://doi.org/10.3389/fcimb.2017.00249
https://doi.org/10.1002/bip.22570
https://www.ncbi.nlm.nih.gov/pubmed/25283273
https://doi.org/10.1016/j.bbamem.2012.02.012
https://www.ncbi.nlm.nih.gov/pubmed/22373959
https://doi.org/10.3390/ijms21082662
https://www.ncbi.nlm.nih.gov/pubmed/32290394
https://doi.org/10.3389/fphar.2017.00781
https://doi.org/10.1007/978-1-61779-191-8_9
https://doi.org/10.3109/00498254.2011.643256
https://doi.org/10.1093/infdis/jit413
https://doi.org/10.2174/1389201003378924
https://doi.org/10.3390/jof3040052
https://www.ncbi.nlm.nih.gov/pubmed/29371568
https://doi.org/10.1016/j.cyto.2019.154882
https://www.ncbi.nlm.nih.gov/pubmed/31629100
https://doi.org/10.1086/315250
https://www.ncbi.nlm.nih.gov/pubmed/10669379
https://doi.org/10.1111/j.1469-0691.2011.03676.x
https://doi.org/10.4049/jimmunol.1501204
https://doi.org/10.1016/j.jim.2008.09.021
https://doi.org/10.1038/mi.2010.22
https://www.eucast.org/astoffungi/methodsinantifungalsusceptibilitytesting/susceptibility_testing_of_yeasts/
https://www.eucast.org/astoffungi/methodsinantifungalsusceptibilitytesting/susceptibility_testing_of_yeasts/


Int. J. Mol. Sci. 2023, 24, 7712 17 of 17

32. Wahl, L.M.; Smith, P.D. Isolation of Monocyte/Macrophage Populations. Curr. Protoc. Immunol. 1995, 16, 7.6.1–7.6.8. [CrossRef]
33. Nair, S.; Archer, G.E.; Tedder, T.F. Isolation and Generation of Human Dendritic cells. Curr. Protoc. Immunol. 2012, 99, 7–32.

[CrossRef]
34. Beisser, P.S.; Laurent, L.; Virelizier, J.-L.; Michelson, S. Human cytomegalovirus chemokine receptor gene US28 is transcribed in

latently infected THP-1 monocytes. J. Virol. 2001, 75, 5949–5957. [CrossRef]
35. Park, K.Y.; Kim, D.H.; Jeong, M.S.; Li, K.; Seo, S.J. Changes of antimicrobial peptides and transepidermal water loss after topical

application of tacrolimus and ceramide-dominant emollient in patients with atopic dermatitis. J. Korean Med. Sci. 2010, 25,
766–771. [CrossRef] [PubMed]

36. Piana, C.; Wirth, M.; Gerbes, S.; Viernstein, H.; Gabor, F.; Toegel, S. Validation of reference genes for qPCR studies on Caco-2 cell
differentiation. Eur. J. Pharm. Biopharm. 2008, 69, 1187–1192. [CrossRef] [PubMed]

37. Untergasser, A.; Ruijter, J.M.; Benes, V.; van den Hoff, M.J.B. Web-based LinRegPCR: Application for the Visualization and
Analysis of (RT)-qPCR Amplification and Melting Data. BMC Bioinform. 2021, 22, 398. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/0471142735.im0706s16
https://doi.org/10.1002/0471142735.im0732s99
https://doi.org/10.1128/JVI.75.13.5949-5957.2001
https://doi.org/10.3346/jkms.2010.25.5.766
https://www.ncbi.nlm.nih.gov/pubmed/20436715
https://doi.org/10.1016/j.ejpb.2008.03.008
https://www.ncbi.nlm.nih.gov/pubmed/18472253
https://doi.org/10.1186/s12859-021-04306-1
https://www.ncbi.nlm.nih.gov/pubmed/34433408

	Introduction 
	Results and Discussion 
	Influence of the Pea Psd1 on Defense Response of Intestinal-like Epithelial Cells upon the Candida albicans Infection 
	Transport of the Pea Defensin Psd1 across the Intestinal Epithelial Barrier and Cytotoxicity Assay 
	Direct Immunomodulatory Action of the Pea Defensin Psd1 on Human Dendritic Cellsand Blood Monocytes 
	Role of Epithelial-Immune Cells Crosstalk in the Caco-2/Immune Cells Co-Culture upon the Candida albicans Infection 
	Impact of the Pea Defensin Psd1 on Cellular Response in the Caco-2/Immune Cells Co-Culture upon the Candida albicans Infection 

	Materials and Methods 
	Materials 
	Recombinant Production and Characterisation of the Pea Defensin Psd1 
	Human Cell Lines and Cultures 
	Labeling of the Pea Defensin Psd1 with FITC 
	Transport of FITC-Psd1 across the Caco-2 Epithelial Barrier 
	Cytokines/Chemokines/Growth Factors Production by Human Cell Cultures 
	Cytokines/Chemokines/Growth Factors Assessment by Multiplex-Based Assay 
	Gene Expression of Pro-Inflammatory Cytokines and Antimicrobial Peptides 
	Stimulation of Caco-2 Cells 
	RNA Isolation and cDNA Synthesis 
	Real-Time PCR 

	Cytotoxicity Assay 

	Conclusions 
	References

