
Citation: Landa-Saldívar, C.; Reséndiz-

Mora, A.; Sánchez-Barbosa, S.; Sotelo-

Rodríguez, A.; Barrera-Aveleida, G.;

Nevárez-Lechuga, I.; Galarce-Sosa, I.;

Taniguchi-Ponciano, K.; Cruz-

Guzmán, O.d.R.; Wong-Baeza, I.; et al.

Liposomes Bearing Non-Bilayer

Phospholipid Arrangements Induce

Specific IgG Anti-Lipid Antibodies

by Activating NK1.1+, CD4+ T Cells

in Mice. Membranes 2022, 12, 643.

https://doi.org/10.3390/

membranes12070643

Academic Editor: Marija Raguž

Received: 29 May 2022

Accepted: 20 June 2022

Published: 23 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

membranes

Article

Liposomes Bearing Non-Bilayer Phospholipid Arrangements
Induce Specific IgG Anti-Lipid Antibodies by Activating
NK1.1+, CD4+ T Cells in Mice
Carla Landa-Saldívar 1,†, Albany Reséndiz-Mora 1,2,†, Sandra Sánchez-Barbosa 1,2, Anahi Sotelo-Rodríguez 1,2,
Giovanna Barrera-Aveleida 1,2 , Irene Nevárez-Lechuga 1,2 , Iván Galarce-Sosa 1,2, Keiko Taniguchi-Ponciano 3,
Oriana del Rocío Cruz-Guzmán 4, Isabel Wong-Baeza 5, Alejandro Escobar-Gutiérrez 6, Isabel Baeza 1,*
and Carlos Wong-Baeza 1,*

1 Laboratorio de Biomembranas, Departamento de Bioquímica, Escuela Nacional de Ciencias Biológicas,
Instituto Politécnico Nacional, Mexico City 11340, Mexico; carla_tao@hotmail.com (C.L.-S.);
cbanyrm@icloud.com (A.R.-M.); profra.sandrasb@gmail.com (S.S.-B.); anasotelor@gmail.com (A.S.-R.);
aveleida@gmail.com (G.B.-A.); ire.nvz@hotmail.com (I.N.-L.); ivan.gal27@hotmail.com (I.G.-S.)

2 Laboratorio de Enzimología, Departamento de Bioquímica, Escuela Nacional de Ciencias Biológicas,
Instituto Politécnico Nacional, Mexico City 11340, Mexico

3 Unidad de Investigación Médica en Enfermedades Oncológicas, Hospital de Oncología,
Centro Médico Nacional Siglo XXI (CMN-SXXI), Instituto Mexicano del Seguro Social (IMSS),
Mexico City 06720, Mexico; keiko.taniguchi@hotmail.com

4 Campus Sur, Universidad Tecnológica de México, Mexico City 09810, Mexico;
orianadelrociocruzguzman@gmail.com

5 Laboratorio de Inmunología Molecular II, Departamento de Inmunología, Escuela Nacional de Ciencias Biológicas,
Instituto Politécnico Nacional, Mexico City 11340, Mexico; isa_wb@yahoo.com.mx

6 Instituto de Diagnóstico y Referencia Epidemiológicos (InDRE), Mexico City 06600, Mexico;
aescobargutierrez@yahoo.com

* Correspondence: isabelbaeza@yahoo.com (I.B.); charlywong@icloud.com (C.W.-B.);
Tel.: +52-55-5729-6000 (ext. 62326) (I.B. & C.W.-B.)

† These authors contributed equally to this work.

Abstract: Liposomes are artificial models of cellular membranes that are used as delivery systems for
genes, drugs and protein antigens. We have previously used them to study the antigenic properties
of their phospholipids. Here, we used them to induce the production of IgG anti-non-bilayer
phospholipid arrangements (NPAs) antibodies in mice; these antibodies cause cell lysis and trigger
a lupus-like disease in mice. We studied the mechanisms that lead to the production of these
antibodies, and provide evidence that NK1.1+, CD4+ T cells respond to NPA-bearing liposomes and
deliver the help required for specific B cell activation and antibody class-switching to IgG. We found
increased numbers of IL-4-producing NK1.1+, CD4+ T cells in the secondary lymphoid organs of mice
administered with NPAs, and these cells also expressed CD40L, which is required for B cell activation.
Additionally, we isolated and purified NK1.1+, CD4+ T cells from spleens and determined that they
over-expressed 40 genes, which are key players in inflammatory processes and B cell stimulation and
have TRAF6 and UNC39B1 as key nodes in their network. These results show that liposomes are
membrane models that can be used to analyze the immunogenicity of lipids.

Keywords: liposomes; non-bilayer phospholipid arrangements; anti-lipid antibodies; NK1.1+, CD4+

T cells; systemic lupus erythematosus

1. Introduction

Liposomes are vesicular structures mainly made of phospholipids. Structurally, they
resemble the lipid bilayer membrane of living cells and they are widely used as efficient
delivery systems for genes [1], drugs [2,3] or protein antigens [4]. Moreover, liposomes
are used to enhance the immune response; in some cases, they deliver bioactive lipids to
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enhance phagosome maturation, which is a critical step in the effector function of innate
immunity [5]. In other cases, liposomes are vaccine adjuvants that induce the production
of antibodies [6]. For example, in the mRNA-based vaccines against COVID-19, the mRNA
that encodes the coronavirus spike protein is encapsulated in liposomes [7,8]. These lipo-
somes induce a transient local inflammation, which triggers the recruitment and activation
of immune cells, including antigen-presenting cells that process the protein and present it
to helper T cells. Activated T cells cooperate and stimulate B cells to produce anti-spike
protein antibodies [9]. In our research group, we have used liposomes to induce the produc-
tion of IgG anti-non-bilayer phospholipid arrangements (NPAs) antibodies in mice [10,11].
These antibodies are found in some patients with Systemic Lupus Erythematosus (SLE),
and trigger a disease that resembles human lupus (lupus-like disease) in BALB/c and NIH
mice strains [10].

SLE is a chronic and multisystemic autoimmune disease with a complex etiology. SLE
is characterized by the presence of autoantibodies, immune complexes and inflammation,
which leads to tissue damage in the cartilages, skin, kidneys, heart, lungs, blood vessels
and brain [12,13]. SLE is a result of multiple alterations in the innate and adaptive immune
systems, comprising disorders of immune tolerance, hyperactivation of T and B cells
and decreased clearance of immune complexes and apoptotic cells. B cell hyperactivity
leads to the excessive production of multiple autoantibodies, which represents one of the
immunological hallmarks of SLE [13–15]. Several animal models have been used to study
the pathogenesis of this disease [16]. The model of lupus induced by NPAs in BALB/c and
NIH mice has clinical and pathological characteristics that closely resemble those of SLE
patients, including anti-nuclear, anti-histone and anti-coagulant antibodies. These mice
also develop anti-cardiolipin and anti-NPA antibodies, weight loss, glomerulonephritis and
facial lesions (similar to the typical “butterfly” rash in SLE patients) [10,17,18]. This lupus
model is produced by the administration of NPA-bearing liposomes induced and stabilized
with drugs, such as chlorpromazine, promazine, procainamide or hydralazine [10,17];
these drugs also trigger a lupus-like disease in humans. NPAs are three-dimensional
structures that can emerge as protuberances on the surface of cells or liposomes, when
anionic phospholipids with a conical shape, such as phosphatidate, interact with these
drugs, which have positive charge. So, the interaction between anionic conical lipids and
these drugs generates stable NPAs [17]. Stabilized NPAs induce the production of IgG
anti-NPA antibodies that are mainly generated via germinal centers in secondary lymphoid
organs [11].

The formation of germinal centers is a key step in the production of IgG anti-protein
antibodies. Germinal centers are usually organized as a result of direct interactions of a
protein antigen with particular subsets of T-helper (CD4+) and B cells. These interactions
depend on the binding of CD40L on CD4+ T cells with CD40 on B cells, and on the local
cytokine environment created by activated CD4+ T cells [13,19]. CD4+ T cells are specific
for peptides presented by major histocompatibility complex (MHC) class II molecules on
antigen-presenting cells. However, classical MHC molecules do not present lipid antigens.
NKT cells are lymphocytes restricted to the recognition of lipid antigens presented by CD1d
molecules, an antigen-presenting molecule similar to MHC class I molecules, on B cells or
dendritic cells [20], with both innate and adaptive functions [20,21]. Human and murine
NKT cells are a distinct subset of T cells that express both a T cell receptor (TCR α/β and
CD3) and NK cell lineage markers [NK1.1 (CD161), CD122 (IL-2Rβ) and various Ly49
molecules] [22,23]. NK1.1 expression on CD4+ T cells can be used for the identification of
NKT cells [24], and these cells represent 1–2% of the spleen lymphocytes in mice [25–27].
NKT cells respond rapidly to antigenic stimulation by secreting IL-4 and IFN-γ, which
results in the activation of numerous immune cells, including dendritic cells, NK cells, B
cells and CD4+ and CD8+ T cells [24]. NKT cells interact through their TCR with CD1d-
expressing B cells, and this interaction leads to B cell proliferation and antibody production,
and to increased NKT cell activation [20,21,25]. This cooperation requires the expression of
CD40 on B cells and of CD40L on NKT cells; likewise, it needs the production of IL-4 and
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IFN-γ by activated NKT cells, two essential cytokines that induce the class-switching of
antibodies against lipid antigens [20].

Since IgG anti-NPA antibodies are mainly produced via germinal center, this implies
that the NPA-specific germinal center B cells interact with a T-lineage cell. So, in this work
we analyzed the proportion, cytokine production and gene expression profile of NK1.1+,
CD4+ T cells, in order to determine if these cells provide the help required by germinal
center B cells to produce IgG anti-NPA antibodies. We used NPA-bearing liposomes to
induce the production of IgG anti-NPA antibodies in C57BL/6 mice, and we analyzed
NK1.1+, CD4+ T cells from the spleen and mesenteric lymph nodes of these mice to
evaluate their activation and their possible involvement in helping germinal center B cells
to proliferate and to produce IgG anti-NPA antibodies. We also evaluated the expression of
genes related to the innate and adaptive immune responses in NK1.1+, CD4+ T cells from
the spleens of these mice, and analyzed the protein–protein interaction network of the most
up-regulated genes. This study demonstrates the use of liposomes as membrane models to
analyze the immunogenicity of lipids. Our results contribute to the understanding of the
mechanisms that lead to the production of IgG anti-NPA antibodies, which can trigger the
development of a disease in mice that is similar to human SLE.

2. Materials and Methods
2.1. Ethics

The animal studies were carried out in the National School of Biological Science of
the National Polytechnic Institute in accordance with the principles of the “Guide for
the Care and Use of Laboratory Animals” from the US National Institutes of Health [28].
The protocol was approved by the Bioethics Committee of our institution.

2.2. Preparation and Characterization of Liposomal Antigens

Liposomes were formed as previously described by a modified reverse-phase evapo-
ration method [17,18], with egg yolk L-α-phosphatidylcholine (PC), a lipid with neutral
charge and cylindrical shape (CAS No: 8002-43-5, molecular weight: 311.22 g/mol) (Sigma
Aldrich, St. Louis, MO, USA), and egg yolk L-α-phosphatidic acid (PA), a lipid with nega-
tive charge and conical shape (MDL No: MFCD00063023, molecular weight: 194.06 g/mol)
(Sigma Aldrich), in a 2:1 molar ratio. Phospholipids (nine micromoles of the mixture) were
dissolved in 1 mL of diethyl ether, 330 µL of TS (10 mM Tris-HCl, 1 mM NaCl, pH 7)
were added and the mixture was sonicated three times (5 s sonication followed by 30 s
resting period) in a Lab Supply G112SPI sonicator (Laboratory Supplies, Hicksville, NY,
USA). Subsequently, diethyl ether was totally removed under a stream of oxygen-free dry
nitrogen at reduced pressure, using an evaporator at 37 ◦C. Then, TS buffer was added
to obtain a final volume of 1 mL, which was filtered with a 0.45 µm Millipore membrane
(Billerica, MA, USA), obtaining a suspension of smooth liposomes.

To induce NPAs, smooth liposomes were incubated at 37 ◦C for 30 min with promazine
(CAS No: 53-60-1, molecular weight: 320.88 g/mol) (Sigma Aldrich) as inducer, obtaining
a suspension of NPA-bearing liposomes [17,18]. To determine the optimal promazine con-
centration to induce NPA on liposomes, promazine concentrations of 6, 8 and 10 mM were
tested. The formation of NPAs in liposomes was demonstrated by flow cytometry in a LSR
Fortessa cytometer (Becton Dickinson, San Jose, CA, USA) with FACSDiva software, with a
compensation threshold in FSC-H of 52 V, FSC set at E00, SSC at 401 V and FL1 at 748 V [10].
10,000 events were acquired for each sample. Results were reported as numbers of liposomes,
and as SSC histograms and FSC and SSC dot plots in logarithmic scales [10]. Liposome size
was determined by nanoparticle tracking analysis in a Nanosight NS3000 (Malvern Panalytical,
Malvern, UK) with NTA 3.2.16 software. Mean sizes were reported in nm.

In previous studies, we have demonstrated that smooth and NPA-bearing liposomes
do not generate cytotoxicity on HEK293 cells or bone marrow-derived macrophages [18],
and that smooth liposomes do not cause tissue damage to mice after up to 6 months of
monthly administration [10,17].
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2.3. Induction of IgG Anti-NPA Antibodies in C57BL/6 Mice

To induce the production of IgG anti-NPA antibodies, we used six-week-old female
C57BL/6 mice. This method has been previously described in BALB/c mice [10,17].
Each mouse received 100 µL of smooth liposomes, or 100 µL of NPA-bearing liposomes
(induced with 8 mM promazine), by intrasplenic injection on days 1 and 16. One day
before the first intrasplenic injection, mice received 100 µL of complete Freund’s adjuvant
(Sigma Aldrich) diluted 1:2 in TS buffer, and before the second intrasplenic injection, mice
received 100 µL of incomplete Freund’s adjuvant (Sigma Aldrich), diluted 1:2 in TS buffer,
both by intraperitoneal injection. On days 8 and 24 after the first intrasplenic injection,
mice were injected intraperitoneally with 100 µL of smooth liposomes or of NPA-bearing
liposomes, respectively [11,18]. Some mice were then injected intraperitoneally with 100 µL
of smooth liposomes or of NPA-bearing liposomes each week for 4 months, and were then
euthanized. Other mice were euthanized on days 10, 20 or 30 after the first intrasplenic
injection. Spleens and mesenteric lymph nodes were obtained from the euthanized mice,
and were disaggregated to obtain cell suspensions in FACS (fluorescence-activated cell
sorting) buffer, consisting of PBS (phosphate buffered saline) pH 7.2 (Gibco, Gran Island,
NY, USA) with 1% bovine serum albumin (Biowest, Nuaillè, France) and 0.01% sodium
azide (Sigma Aldrich), for subsequent flow cytometry assays.

2.4. Detection of IgG Anti-NPA, Anti-Cardiolipin and Anti-Histone Antibodies in Mice Sera

Mice were bled from the facial vein before, and every 15 days for four months after,
the first intrasplenic injection of smooth liposomes or of NPA-bearing liposomes. Sera were
incubated at 56 ◦C for 30 min to inactivate complement proteins and then aliquoted
at −70 ◦C until use. IgG anti-NPA, anti-cardiolipin and anti-histones antibodies were
determined in these sera by ELISA, as previously described [10,11]. Briefly, to detect anti-
NPA antibodies, microtiter plates with 96 flat-bottom wells (Costar Co., Cambridge, MA,
USA) were coated with smooth liposomes or with liposomes bearing promazine-induced
NPAs (0.1 µmol in 100 µL TS buffer) at room temperature for 12 h. After incubation, plates
were blocked with 200 µL per well of 8% fetal bovine serum (Gibco) in TS buffer for 1 h
at room temperature and washed, and 100 µL of inactivated mice sera were added. H308
antibody (an IgM anti-NPA monoclonal antibody) was added as a positive control for NPA
detection. After incubation for 1 h at 37 ◦C, the plates were washed 5 times and 100 µL of
goat anti-mouse IgG peroxidase-conjugated antibody (Sigma Aldrich) at a dilution of 1:2000
were added to the assay wells, and 100 µL of goat anti-mouse IgM peroxidase-conjugated
antibody (Sigma Aldrich) were added to the positive control wells. The plates were
incubated for 1 h at 37 ◦C and washed 3 times before adding 100 µL per well of peroxidase
substrate. After 20 min at 37 ◦C, the reaction was stopped by addition of sulfuric acid
2.5 M and absorbances were read at 492 nm in a Labsystem Multiskan MS reader (MTX
Labsystems, Vienna, VI, USA). Each sample was assayed in triplicate. Anti-cardiolipin and
anti-histone antibodies were measured by ELISA, as described before [10,29].

2.5. Analysis of Spleen and Mesenteric Lymph Node NK1.1+, CD4+ T Cells

Cell suspensions were prepared from the spleens and mesenteric lymph nodes of
C57BL/6 mice that received smooth liposomes or NPA-bearing liposomes, as described
above, and were filtered through a 70 µm cell strainer (Becton Dickinson). Erythrocytes in
the spleen samples were eliminated by hypotonic lysis, followed by re-suspension in FACS
buffer. Cell suspensions were blocked with a universal blocker (Block Biogenex, San Ramon,
CA, USA) diluted 1:10 in PBS, at 4 ◦C for 10 min, and were subsequently washed with
PBS [11]. The cell suspensions of spleens and mesenteric lymph nodes were quantified with
the Neubauer chamber method with trypan blue as exclusion dye. Two million live cells
were incubated with fluorochrome-coupled antibodies to identify the surface phenotype
characteristic of NK1.1+, CD4+ T cells. Cells were stained with anti-CD3/FITC (clone:17A2,
isotype: rat IgG2b, κ/FITC), anti-NK1.1/APC (clone:PK136, isotype: mouse IgG2a, κ/APC),
anti-CD4/Pacific Blue (clone: GK1.5, isotype: rat IgG2b, κ/Pacific Blue) and anti-CD40L/PE
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(clone:MR1, isotype: 5rmenian hamster IgG/PE) antibodies (BioLegend, San Diego, CA,
USA). The anti-CD3, anti-NK1.1 and anti-CD4 antibodies and their isotypes controls were
used at a final concentration of 10 mg/mL, while the anti-CD40L antibody and its isotype
were used at a final concentration of 2.5 mg/mL. After 30 min at 4 ◦C, the cells were
washed and fixed with 1% paraformaldehyde (Sigma Aldrich). Stained NK1.1+, CD4+ T
cells were analyzed in a LSR Fortessa flow cytometer (Becton Dickinson). 400,000 events
were acquired from the gate that corresponds to lymphocytes according to their size (FSC-
A) and granularity (SSC-A). Data were analyzed with FlowJo 10.8.1 software (Tree Star, Inc.,
Ashland, OR, USA). Results were reported as absolute cell numbers, obtained from the cell
count with the Neubauer chamber method and the flow cytometry analysis. Unstained
cells, compensation controls and fluorescence-minus-one controls were used as appropriate.

To evaluate cytokine production in NK1.1+, CD4+ T cells, spleen or mesenteric lymph
node cells were treated with 0.7 µL/mL monensin (Becton Dickinson) for 5 h at 37 ◦C.
After this incubation, the cells were washed and fluorochrome-coupled antibodies (anti-
CD3/FITC, anti-CD4/Pacific Blue and anti-NK1.1/APC) were added. The cells were then
incubated for 30 min at 4 ◦C. Subsequently, 100 µL of Cytofix/Cytoperm (Becton Dickinson)
was added, and the cells were incubated for 10 min at 4 ◦C. Cells were washed with
Perm/Wash 1X buffer (Becton Dickinson) and anti-IFN-γ/PE (clone: XMG1.2, isotype:
rat IgG1, κ/PE), anti-IL-4/PerCP-Cy5.5 (clone:11B11, isotype: rat IgG1, κ/PerCP-Cy5.5)
and anti-IL17/APC-Cy7 (clone:TC11-18H10.1, isotype: rat IgG1, κ/APC-Cy7) antibodies
(BioLegend) were added. The anti-IFN-g and anti-IL-4 antibodies and their isotypes controls
were used at a final concentration of 2.5 mg/mL, while the anti-IL-17 antibody and its
isotype were used at a final concentration of 5 mg/mL. After 30 min at 4 ◦C, the cells were
washed and fixed with 1% paraformaldehyde. The stained cells were acquired in a LSR
Fortessa flow cytometer, and data were analyzed with FlowJo 10.8.1 software. Unstained
cells, compensation controls and fluorescence-minus-one controls were used as appropriate.

2.6. In Vitro Re-Stimulation of NK1.1+, CD4+ T Cells

Six-week-old female C57BL/6 mice received smooth liposomes or liposomes bearing
NPAs (induced with 8 mM promazine) as described above, and were euthanized 20 days
after the first intrasplenic injection of the liposomal antigen. The spleens and mesenteric
lymph nodes were extracted from the euthanized mice to obtain cell suspensions in FACS
buffer. Two million cells were placed in each well of a 24-well plate with 1 mL of RPMI 1640
supplemented with 5% complement-free fetal bovine serum (Gibco), 2 mM L-glutamine
and 0.1% penicillin–streptomycin (Gibco, 100 U/mL-100 mg/mL). Subsequently, smooth
liposomes or NPA-bearing liposomes were added at a final concentration of 0.05 µmol, and
the cells were incubated at 37 ◦C and 5% CO2 for 30, 90 or 120 min. The cells were analyzed
by flow cytometry as described above, with staining for CD3, CD4, NK1.1/APC, IFN-γ,
IL-4 and IL-17.

2.7. Gene Expression Analysis of NK1.1+, CD4+ T Cells

Spleens were obtained 20 days after the first administration of the liposomal antigens
to mice. Extracted spleens were disaggregated and cells were re-suspended and passed
through a 70 µm cell strainer. Ten spleens were pooled for each liposomal antigen condition
(smooth liposomes or NPA-bearing liposomes). Subsequently, erythrocytes were eliminated
by hypotonic lysis and the remaining cells were re-suspended in FACS buffer. The number
and viability of cells was obtained with the Neubauer chamber method. To enrich CD4+

T cells, 2 × 109 spleen cells were placed in MACS buffer [PBS pH 7.2, 0.5% bovine serum
albumin and 2 mM EDTA] and anti-CD4 microbeads [MicroBeads Kit (Miltenyi Biotec,
Auburn, CA, USA)] were added. The cell suspension was then passed through a MACS
LS column (Miltenyi Biotec) in the VarioMACS separator (Miltenyi Biotec). After the CD4-
negative cells were eluted, the CD4-positive cells were released from the column, and they
were washed and re-suspended in FACS buffer. The number of viable CD4+ cells was
determined with the Neubauer chamber method.
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The enriched CD4+ T cells were stained with anti-CD3/FITC and anti-NK1.1/APC
antibodies, and NK1.1+, CD4+ T cells were then purified from the CD4+-positive cells by
flow cytometry (FACSAria III flow cytometer, Becton Dickinson). The purified NK1.1+,
CD4+ T cells were washed with PBS. Total RNA was extracted from each sample of NK1.1+,
CD4+ T cells with the TRIzol method (Invitrogen, Carlsbad, CA, USA). RNA concentra-
tion was determined in a NANODROP 2000c (Thermo Fisher Scientific, Waltham, MA,
USA). The integrity of the RNA samples was confirmed by agarose gel electrophoresis.
cDNA synthesis was performed from 115 ng of RNA, using the RT2 First Strand kit (Qi-
agen, Germantown, MD, USA). Each cDNA was amplified by real-time PCR, using the
RT2 SYBR-Green Rox qPCR master mix (Qiagen) and an RT2 Profiler PCR array (Qiagen)
that analyzes 84 genes related to the innate and adaptive immune responses. Ampli-
fication was carried out in a 7500 Fast thermal cycler (Applied Biosystems, Waltham,
MA, USA). The experiments were performed in triplicates. The CT values were exported
to an Excel sheet and analyzed in the PCR array data analysis web portal (available at
www.SABioscience.com/pcrarraydataanalysis.php accessed on 18 October 2021), where
the gene expression quantification was automatically performed with the ∆∆CT method.
The selected housekeeping gene was β-actin, since its expression was not modified between
the analyzed conditions.

2.8. Protein–Protein Interaction (PPI) Network Analysis in NK1.1+, CD4+ T Cells

The 10 most up-regulated genes in NK1.1+, CD4+ T cells from mice that received NPA-
bearing liposomes, compared with mice that received smooth liposomes, were mapped
with the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING 10.5) (http:
//string-db.org accessed on 8 November 2021), an online database comprising known and
predicted interactions among proteins [30]; only the interactions with a combined score
>0.7 (high confidence) were considered as significant. PPI pairs were visualized using
Cytoscape software 3.4.0 (http://www.cytoscape.org/ accessed on 22 November 2021).
To obtain the significant nodes/proteins [31], the highly connected proteins were identified
in Cytoscape by calculating the degree of connectivity (number of line connections between
nodes) and the betweenness value (fraction of the number of shortest paths that pass
through each node, this parameter measures how often nodes occur on the shortest paths
between other nodes) of each node with a degree cutoff of ≥2. The main connected
components of the PPI network were laid out by degree values.

2.9. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 9 (GraphPad, San
Diego, CA, USA). For ELISA results, the comparison of the autoantibody titers of mice
administered with smooth liposomes or with NPA-bearing liposomes was performed with
Mann–Whitney U test, with significance set at p < 0.05, and the results are presented as
mean and standard deviation. For flow cytometry results, cell number comparison was
performed with Kruskal–Wallis test with Dunn’s post-test, with significance set at p < 0.05,
and the results are presented as individual data with median. For PCR array results, relative
quantification was performed with the ∆∆CT method. The p values were calculated with
t-tests of the 2(−∆∆CT) values for each gene.

3. Results
3.1. Liposomes Bearing Promazine-Induced NPAs Induce the Production of IgG Anti-NPA
Antibodies in C57BL/6 Mice

The drug promazine is an amphipathic molecule with a triangular shape and a positive
charge, which preferably interacts with PA (conical lipid with two negative charges) instead
of PC (cylindrical lipid with no charges) in liposomes made of PC/PA. This interaction
induces a lipid re-arrangement that forms an inverted micelle that is the center of the NPA
(Figure 1a). NPAs cause an increase in bilayer complexity, which can be detected by flow
cytometry in the side scatter detector [10,17,18]. PC/PA liposomes in TS buffer showed the

www.SABioscience.com/pcrarraydataanalysis.php
http://string-db.org
http://string-db.org
http://www.cytoscape.org/
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characteristic low-complexity profile for smooth liposomes (Figure 1b). After incubation
with promazine, liposomes showed an increase in bilayer complexity (Figure 1c–e) as the
drug concentration increases, compared with smooth liposomes.
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Figure 1. Induction and formation of one NPA, and characterization of liposomal antigens.
(a) Schematization of how promazine induces a lipid re-arrangement that forms an inverted mi-
celle, which is the center of the NPA. Promazine is an amphipathic molecule with a triangular shape
and a positive charge, that can interact with the amphipathic lipids L-α-phosphatidate (PA) and L-α-
phosphatidylcoline (PC). However, it preferably interacts with phosphatidate, which has a conical
shape and two negative charges, and not with phosphatidylcoline, which has a cylindrical shape and
no charge. (b–e) Flow cytometric characterization of liposomes. Phosphatidylcholine/phosphatidate
liposomes (2:1 molar ratio) were incubated at 37 ◦C for 30 min with TS buffer or with the NPA-inducer
promazine. Changes in bilayer complexity (SSC) are shown as dot plots and histograms. The dot
plot in (b) and red color histograms in (b–e) represent smooth liposomes. Dot plots in (c–e) and blue
histograms in (c–e) are liposomes with promazine-induced NPAs at a promazine concentration of
(c) 6, (d) 8 and (e) 10 mM. A D > 0.5 value from the Kolmogorov–Smirnov test indicates a statistically
significant difference between liposome samples, and reveals the presence of NPA in liposomes.
One experiment representative of three is shown.

When the bilayer complexity of smooth liposomes and of NPA-bearing liposomes
were compared with the Kolmogorov–Smirnov test, the liposomes with NPAs induced
by 6 mM promazine (Figure 1c) had a D value less than 0.5 (D = 0.45), which indicates
the absence of NPAs in these liposomes. However, the liposomes with NPAs induced by
8 and 10 mM promazine (Figure 1d,e) had D values higher than 0.5 (D = 0.71 and D = 0.84,
respectively), which indicates the presence of NPAs in those liposomes. However, at
concentrations of 10 mM, the liposome population was highly heterogeneous (Figure 1e), so
8 mM promazine was selected, because it induces a more homogeneous population of NPA-
bearing liposomes (Figure 1d). We have used the same criteria to select the concentration of
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other NPA-inducing drugs, such as chlorpromazine, procainamide and hydralazine [10,17].
The smooth liposomes present a mean size of 256.7 ± 4.3 nm, while the NPA-bearing
liposomes induced by 6, 8 and 10 mM promazine showed a mean size of 249.8 ± 3.8,
250.7 ± 3.5 and 253.5 ± 4.0, respectively.

We have previously used NPA-bearing liposomes to induce a lupus-like disease in
BALB/c mice, with the production of IgG anti-NPA antibodies [11]. IgG anti-NPA anti-
bodies were detected in the serum of C57BL/6 mice after the administration of liposomes
bearing promazine-induced NPAs, but not after the administration of smooth liposomes
(Figure 2a). Anti-NPA antibodies were detected since day 15 after the first administra-
tion of NPA-bearing liposomes, and they progressively increased until the fourth month,
showing a significant statistical difference compared with mice that received smooth lipo-
somes. The presence of anti-NPA antibodies triggers a disease resembling human lupus in
BALB/c mice [10,17]. This disease is also started in C57BL/6 mice, because anti-cardiolipin
(Figure 2b) and anti-histone (Figure 2c) antibodies were detected 1.5 months after the anti-
NPA antibodies were first detected in mice that received NPA-bearing liposomes, but not
smooth liposomes. The titers of both antibodies increased over time in mice that received
NPA-bearing liposomes and show a significant statistical difference with mice that received
smooth liposomes. These results suggest that anti-NPA antibodies caused cell lysis and
exposed intracellular antigens to the immune system, which generated anti-cardiolipin and
anti-histone auto-antibodies. The auto-antibody titers of C57BL/6 mice were comparable
to the titers previously reported in BALB/c mice. In addition, these C57BL/6 female mice
showed alopecia, deformation of limbs and facial lesions (Figure 2d) on day 20 after the
first administration of NPA-bearing liposomes, which are some of the characteristics of the
lupus-like disease described in BALB/c mice.
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Figure 2. C57BL/6 mice injected with NPA-bearing liposomes produce autoantibodies and de-
velop facial lesions, alopecia and deformation of limbs. (a) IgG anti-NPA, (b) anti-cardiolipin and
(c) anti-histone antibodies were determined by ELISA in the sera of mice injected with smooth lipo-
somes or with NPA-bearing liposomes, at the indicated times. One experiment representative of
three is shown. Asterisks represent statistically significant differences between autoantibodies from
mice injected with smooth vs. NPA-bearing liposomes (* p < 0.05). Each symbol represents a 6-mice
sample. Female mice that received NPA-bearing liposomes showed alopecia, deformation of limbs
and (d) facial lesions (black and white arrows) on day 20 after the first administration of NPAs.
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3.2. NK1.1+, CD4+ T Cells Are Activated in Mice That Produce Anti-NPA Antibodies, and These
Cells Produce IL-4 in Response to NPAs

In order to produce IgG antibodies, B cells require the cooperation of a T cell subset
that expresses CD40L and produces class-switching cytokines, such as IL-4 or IFN-γ. NKT
cells are lymphocytes restricted to the recognition of lipid antigens presented by CD1d
molecules [20], and could provide the cooperation required to produce the IgG anti-NPA
antibodies detected in C57BL/6 mice that received NPA-bearing liposomes. Here we
evaluated the number of NK1.1+, CD4+ T cells and their activation in C57BL/6 mice that
produce anti-NPA antibodies. Spleen and mesenteric lymph nodes cell suspensions were
obtained from mice administered with smooth liposomes or with NPA-bearing liposomes,
and were stained with anti-CD3, anti-NK1.1, anti-CD4 and anti-CD40L fluorochrome-
coupled antibodies to identify NK1.1+, CD4+ T cells and activated NK1.1+, CD4+, CD40L+

T cells by flow cytometry (Figure 3). The flow cytometry strategy used was as follows:
after selecting individual events (Figure 3a), the lymphocyte gate was selected according to
their size and granularity (Figure 3b), and positive cells for CD3 and NK1.1 were selected
(Figure 3c). Two different phenotypes were evaluated: CD3+, NK1.1+, CD4+, CD40L−

(NK1.1+, CD4+) and CD3+, NK1.1+, CD4+, CD40L+ (activated NK1.1+, CD4+) T cells
(Figure 3d). A similar procedure was followed to analyze IFN-γ, IL-4 (Figure 3e) and IL-17
(Figure 3f) production by NK1.1+, CD4+ T cells.
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Figure 3. Flow cytometry strategy for the identification and characterization of NK1.1+, CD4+ T
cells. (a) Individual events were selected, and the (b) lymphocyte gate was chosen by size (FSC-A)
and granularity (SSC-A). Subsequently, (c) positive cells for CD3 and NK1.1 were selected, and
two different phenotypes were evaluated, (d) CD3+, NK1.1+, CD4+, CD40L− (NK1.1+, CD4+ T cells)
and CD3+, NK1.1+, CD4+, CD40L+ (activated NK1.1+, CD4+ T cells). The production of (e) IL-4,
IFN-γ and (f) IL-17 was subsequently evaluated on NK1.1+, CD4+ T cells.

The flow cytometry analysis revealed that the number of NK1.1+, CD4+ T cells from
both the spleen and mesenteric lymph nodes were significantly increased in mice that
produce anti-NPA antibodies, compared with mice administrated with smooth liposomes,
but with different kinetics, as the statistically significant difference (p < 0.05) was observed
on days 10 and 20 for the spleen (Figure 4a) and on days 20 and 30 for mesenteric lymph
nodes (Figure 4b). In these mice, activated NK1.1+, CD4+, CD40L+ T cells significantly
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increased (p < 0.001) in the spleen on day 20 (Figure 4c) and in the mesenteric lymph nodes
on day 30 (p < 0.05) (Figure 4d).
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Figure 4. NK1.1+, CD4+ T cells and activated NK1.1+, CD4+, CD40L+ T cells numbers increase in the
spleen and mesenteric lymph nodes of mice that produce IgG anti-NPA antibodies. (a,b) Number
of NK1.1+, CD4+ T cells and (c,d) activated NK1.1+, CD4+, CD40L+ T cells from (a,c) spleens and
(b,d) mesenteric lymph nodes (MLN), at 10, 20 and 30 days after the injection of smooth liposomes
or NPA-bearing liposomes to mice. One experiment representative of three is shown. * p < 0.05;
** p < 0.01; SL, smooth liposomes; NPA-L, liposomes bearing promazine-induced NPAs.

We also evaluated the production of IFN-γ, IL-4 and IL-17 in NK1.1+, CD4+ T cells
from C57BL/6 mice that produce IgG anti-NPA antibodies. IL-4-producing NK1.1+, CD4+

T cells from the spleen or mesenteric lymph nodes significantly increased, with p < 0.01 for
spleens (Figure 5a) and p < 0.05 for mesenteric lymph nodes (Figure 5b), on days 20 and 30
after the first administration of NPA-bearing liposomes, compared to mice that received
smooth liposomes. No significant differences were found in IFN-γ-producing NK1.1+,
CD4+ T cells from the spleen (Figure 5c) or mesenteric lymph nodes (Figure 5d) after the
administration of smooth or NPA-bearing liposomes. IL-17-producing spleen NK1.1+,
CD4+ T cells (Figure 5e) were significantly increased (p < 0.05) on day 30 after the first
administration of NPA-bearing liposomes. No significant differences were found in IL-
17-producing NK1.1+, CD4+ T cells from mesenteric lymph nodes (Figure 5f) after the
administration of the lipid antigens.

To determine if NK1.1+, CD4+ T cells could produce cytokines directly in response
to NPAs, we evaluated the in vitro response of NK1.1+, CD4+ T cells from the spleens or
mesenteric lymph nodes of mice that produce IgG anti-NPA antibodies, 20 days after the
first administration of NPA-bearing liposomes. At 90 (p < 0.05) and 120 (p < 0.01) min
after the re-stimulation with NPA-bearing liposomes, a statistically significant increase in
NK1.1+, CD4+ T cells that produce IL-4 was detected in spleen cells from mice immunized
with NPA-bearing liposomes, compared to the same cells re-stimulated with smooth
liposomes, or compared with spleen cells from mice administered with smooth liposomes
and re-stimulated with smooth liposomes or with NPA-bearing liposomes (Figure 6a).
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This statistically significant increase in NK1.1+, CD4+ T cells that produce IL-4 was
not detected at 30 min in spleen cells (Figure 6a), or at any time in the cells from mesenteric
lymph nodes (Figure 6b). No significant differences were found in the production of IFN-γ
(Figure 6c,d) or IL-17 (Figure 6e,f) by NK1.1+, CD4+ T cells from the spleen (Figure 6c,e)
or mesenteric lymph nodes (Figure 6d,f) from mice administered with smooth liposomes
or with NPA-bearing liposomes, when they were re-stimulated with smooth liposomes or
with NPA-bearing liposomes.
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Figure 5. IL-4 production by NK1.1+, CD4+ T cells from the secondary lymphoid organs of mice
that produce IgG anti-NPA antibodies. Numbers of (a,b) IL-4- (c,d) IFN-γ− or (e,f) IL-17-producing
NK1.1+, CD4+ T cells from the (a,c,e) spleens and the (b,d,f) mesenteric lymph nodes (MLN) were
determined at the indicated times after the first injection of smooth liposomes or of NPA-bearing
liposomes. One experiment representative of three is shown. * p < 0.05; ** p < 0.01; SL, smooth
liposomes; NPA-L, liposomes bearing promazine-induced NPAs.
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Figure 6. IL-4 production in response to NPAs by NK1.1+, CD4+ T cells from mice that produce IgG
anti-NPA antibodies. Numbers of (a,b) IL-4-, (c,d) IFN-γ− or (e,f) IL-17-producing NK1.1+, CD4+

T cells from the (a,c,e) spleens or the (b,d,f) mesenteric lymph nodes of mice injected with smooth
liposomes or with NPA-bearing liposomes, after re-stimulation of the cell suspensions with smooth
liposomes or with NPA-bearing liposomes for 30, 90, or 120 min. One experiment representative of
three is shown. The black dots represent the individual data results. * p < 0.05; ** p < 0.01; SL, smooth
liposomes; NPA-L, liposomes bearing promazine-induced NPAs.

3.3. NK1.1+, CD4+ T Cells from Mice That Produce IgG Anti-NPA Antibodies Over-Express
Genes Related to the Immune Response

To further confirm that NK1.1+, CD4+ T cells are activated in mice that produce IgG
anti-NPA antibodies, we analyzed the gene expression of these cells in the spleens of mice,
20 days after the first administration of NPA-bearing liposomes. Forty of the eighty-four
analyzed genes showed a difference in expression, compared with NK1.1+, CD4+ T cells
from mice that received smooth liposomes. The 10 genes with a higher expression fold
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change were, in decreasing order, Il1b, Ifnb1, Foxp3, Il10, Tlr9, Nlrp3, Cd8a, Ccr8, Cd86 and
Il6 (Table 1). No down-regulated genes were observed in this analysis (Figure 7).

Table 1. Over-expressed genes of spleen NK1.1+ , CD4+ T cells from mice that produce IgG
anti-NPA antibodies.

Genes Fold
Regulation Genes Fold

Regulation Genes Fold
Regulation Genes Fold

Regulation

Il1b 16.62 Cxcl10 4.16 Il18 3.34 Tnf 2.58
Ifnb1 13.04 Mpo 4.08 Tlr2 3.29 Ifnar1 2.56
Foxp3 11.82 Cd40 3.88 Il2 2.97 Ly96 2.47
Il10 9.08 Il1a 3.86 Il23a 2.97 Cd4 2.38
Tlr9 7.76 Tlr4 3.82 Myd88 2.94 Icam1 2.33

Nlrp3 7.71 H2-Q10 3.74 Stat6 2.81 Casp1 2.32
Cd8a 4.92 Slc11a1 3.72 Tlr8 2.80 Mapk8 2.30
Ccr8 4.72 Tlr7 3.72 Irf7 2.61 Csf2 2.24
Cd86 4.68 Cd80 3.51 Nod2 2.58 Nfkbia 2.15

Il6 4.38 Tlr5 3.40 Mx1 2.58 Ifng 2.04
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FOXP3, which was the best-ranked node and thus the most connected in the network from 
the 10 up-regulated genes revealed by the array (Table 2 and Figure 8). 

Figure 7. Gene expression profile of NK1.1+, CD4+ T cells from the spleens of mice that produce IgG
anti-NPA antibodies. The expression levels of 84 genes related to the innate and adaptive immune
responses were analyzed in NK1.1+, CD4+ T cells from the spleens of mice that received smooth
liposomes (SL), and from the spleens of mice that received liposomes bearing promazine-induced
NPAs (NPA-L). The scatter plot compares the normalized expression of each gene between the NPA-L
and the SL groups by plotting them against one another, to visualize large gene expression changes.
The central line indicates unchanged gene expression. The dotted lines indicate the selected fold
regulation threshold.

These genes were selected by a fold regulation threshold of ≥2. The first ten genes (high-
lighted in blue) were used for a further analysis of the protein–protein interaction network.

An analysis of the top 10 up-regulated genes with the STRING and Cytoscape softwares
revealed a network composed of these 10 genes and 1496 additional genes; the 10 genes that



Membranes 2022, 12, 643 14 of 20

we identified were among the top 29 hub nodes with a high degree of interaction. We then
selected only the main nodes, by selecting those with more than one interaction among
members of the network, to analyze 300 nodes. The main nodes in this network were
TRAF6 and UNC93B1 (Figure 8). Traf6 was among the 84 genes that we analyzed in the
array, but it had a fold change of 1.96 (the threshold chosen was 2), and Unc93b1 was not
included among these 84 genes. Both nodes also showed a high betweenness value, which
makes them the most important nodes in the network, along with FOXP3, which was the
best-ranked node and thus the most connected in the network from the 10 up-regulated
genes revealed by the array (Table 2 and Figure 8).
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Figure 8. Protein–protein interaction network showcasing the relationship among the genes that are
up-regulated in NK1.1+, CD4+ T cells from mice that produce IgG anti-NPA antibodies. The ten top
up-regulated genes are highlighted in yellow. The size of the circles in the network is determined by
the connectivity degree of each member of the network. TRAF6 and UNC93B1 are the most important
nodes of this network.

Table 2. Principal proteins of the protein–protein interaction network from the ten top up-regulated
genes of spleen NK1.1+, CD4+ T cells from mice that produce IgG anti-NPA antibodies.

Protein
Name

Betweenness
Value

Connectivity
Degree

Protein
Name

Betweenness
Value

Connectivity
Degree

Protein
Name

Betweenness
Value

Connectivity
Degree

TRAF6 0.45664152 393 PYCARD 0.06525022 49 CASP1 0.01519920 22
UNC93B1 0.37356461 348 MYD88 0.03781771 48 USP50 0.01586547 21

FOXP3 0.13193952 142 IL6 0.03542776 47 PIK3C3 0.02003203 20
NLRP3 0.0972960 101 HMGB1 0.03793161 39 CD86 0.01148624 20
TNIP2 0.08172416 81 SIRT2 0.03014661 29 IRAK4 0.00940748 20
TLR9 0.14978064 74 IFNB 0.01508672 29 PTPRS 0.01635204 19

IRAK1 0.09756521 69 IRAK2 0.02226735 28 CCR8 0.01400334 19
EIF2AK2 0.06857739 66 TLR4 0.01940404 26 CD8A 0.01217994 18

IL1B 0.07191164 65 IL10 0.01699116 25 NALP3 0.00752642 15
RTN4 0.06375998 52 PIK3R4 0.02006215 23

The connectivity degree and the betweenness value of each node is indicated for each protein. The proteins of the
ten top up-regulated genes are highlighted in yellow.
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4. Discussion

In a cell membrane matrix, the arrangement of phospholipids into bilayer is non-
immunogenic. However, when the phospholipids re-arrange in stable NPAs, they be-
come immunogenic and induce the production of IgG anti-NPA antibodies in mice. This
re-arrangement can be generated in liposomes by drugs [17], such as chlorpromazine,
promazine, procainamide or hydralazine, which produce as a side effect a lupus-like dis-
ease in humans [32]. The interaction between these drugs with anionic and conical shape
phospholipids, like phosphatidate, generates a molecular re-arrangement that leads to
the formation of an inverted micelle inserted into the lipid bilayer, which gives rise to the
formation of a NPA. Consequently, the phospholipid polar heads in the outer region of the
NPA spread, and new antigens are exposed and induce the production of IgG anti-NPA
antibodies that trigger a lupus-like disease in mice [10,11]. These antibodies are also found
in some patients with SLE [10].

The IgG anti-NPA antibodies are mainly generated by germinal center B cells [11].
However, the cell subset that helps these B cells to induce their activation and antibody
production has not been yet identified. Several reports indicate that NKT cells are the
T cell subset that participates in the response against lipid antigens [20,23]. After lipid
antigen-specific activation, CD4+ NKT cells express co-stimulation molecules, such as
CD40L, and produce Th1 (IFN-γ) or Th2 (IL-4) cytokines, so they provide the signals
required for B cell activation and production of IgG antibodies against lipids, such as
α-galactosylceramide [20,33]. Therefore, NKT cells could provide the necessary help for B
cell maturation with the production of IgG anti-NPA antibodies in the mouse lupus-like
model induced by NPAs, a lipid antigen in a special molecular association.

To study the potential role of NK1.1+, CD4+ T cells in this mouse model of lupus,
we firstly induced the production of IgG anti-NPA antibodies in C57BL/6 mice using
liposomes bearing promazine-induced NPAs. These are the hallmark antibodies of the
BALB/c and NIH lupus models induced by NPAs [11]. We decided to use the C57BL/6
strain because of its high susceptibility to develop lupus; mice with the H-2b haplotype,
such as C57BL/6, have a higher risk of developing lupus nephritis, compared to mice with
the H-2d haplotype, such as BALB/c mice [34,35]. In addition to the production of IgG
anti-NPA antibodies, C57BL/6 mice produced anti-cardiolipin and anti-histone antibodies,
and also showed some of the first manifestations of the murine lupus-like disease [11,17,18],
such as alopecia, deformation of limbs and facial lesions. These findings indicate that these
mice are starting to develop the lupus-like disease in a similar way as has been described
in BALB/c and NIH mice.

Furthermore, as NKT cells (CD3+, CD4+, NK1.1+) play an important role in the
pathogenesis of autoimmune diseases like SLE [36], we analyzed NK1.1+, CD4+ T cells in
the secondary lymphoid organs of C57BL/6 mice that produce IgG anti-NPA antibodies,
and found a significant increase in the number of these cells in the spleen and mesenteric
lymph nodes. These NK1.1+, CD4+ T cells mainly produced IL-4 in the mice with anti-NPA
antibodies, and they also produced this cytokine after in vitro re-stimulation with NPAs.
IL-4 is a cytokine that is involved in B cell maturation, survival, antibody production
and class-switching [37,38]. Moreover, NK1.1+, CD4+ T cells that produce IL-17 were
also detected in the spleens of mice that produce anti-NPA antibodies. IL-17 is a pro-
inflammatory cytokine that has a strong influence in the development of adaptive immune
responses, including autoimmunity, and it plays an important role in SLE development [39].
Finally, NK1.1+, CD4+ T cells did not produce IFN γ in mice with anti-NPA antibodies.

The significant increase in NK1.1+, CD4+ T cells suggests that these cells could partici-
pate in the activation of the B cells that produce IgG anti-NPA antibodies. The participation
of CD4 in the activation of mice or human iNKT cells has been evaluated by Thedrez
et al. [40], who observed a decrease in the production of IFN-γ and IL-4 when iNKT cells
were activated with α-GalCer/CD1d in the presence of an anti-CD4 antibody. This suggests
that CD4 binds to α-GalCer/CD1d on B cells and plays an important role in the effector
functions of iNKT cells, such as the production of Th2- or Th1-type cytokines. In a similar



Membranes 2022, 12, 643 16 of 20

way, NK1.1+, CD4+ T cells from mice that produce IgG anti-NPA antibodies could bind to
NPA-CD1d on B cells and trigger the production of IL-4, the cytokine that is involved in
antibody production and class-switching of B cells, as mentioned before [37,38]. Interest-
ingly, in a previous study we showed that IL-4 KO BALB/c mice showed minor lupus-like
disease manifestations, compared to wild-type BALB/c mice, with decreased production
of IgG anti-NPA antibodies, absence of anti-cardiolipin, anti-histone and anti-coagulant
antibodies, and no kidney or skin lesions. These findings indicate that IL-4 has a central
role in the development of the murine lupus-like disease induced by stable NPAs [41], and
they are a strong support to the findings of the present work referent to the production of
IL-4 by NK1.1+, CD4+ T cells from C57BL/6 mice.

The expression of CD40L on NKT cells is associated with the lipid antigen activation of
these cells, since blocking CD40L with a monoclonal antibody leads to reduced production
of IgG, IgM and IgA antibodies, as well as IgG anti-dsDNA antibodies, in a co-culture of
NKT cells and autologous B cells from lupus patients [23]. This implies that the production
of antibodies requires the interaction of CD40 (on B cells) with CD40L (on NKT cells) [23].
In accordance with this information, we found a significant increase in the number of
NK1.1+, CD4+, CD40L+ T cells in the spleens and mesenteric lymph nodes of mice that
produce IgG anti-NPA antibodies. We can conclude that NK1.1+, CD4+ T cells in secondary
lymphoid organs, as part of their adaptive functions, were activated in response to NPAs,
so they expressed the CD40L molecule required to activate B cells, which, in turn, produced
IgG anti-NPA antibodies.

To further characterize the NK1.1+, CD4+ T cells from mice that produce IgG anti-NPA
antibodies, we evaluated their gene expression profiles. In these cells, forty genes were
over-expressed, and the top ten genes with the highest expression, in decreasing order,
were Il1b, Ifnb1, Foxp3, Il10, Tlr9, Nlrp3, Cd8a, Ccr8, Cd86 and Il6. Foxp3 has hundreds
of target genes in humans and mice, because it participates in many cellular processes,
including differentiation and migration [42], but its most studied role is in regulatory T
cells [43]. Engelmann et al. reports the expression of the Foxp3 gene and its protein in CD4+,
CD4− CD8− and CD8+ iNKT subsets from healthy donors, with the highest expression in
CD4+ iNKT cells [44].

NLRP3 participates in the formation of the inflammasome, which activates the pro-
inflammatory cytokines IL-1β and IL-18 [45]. The genes of these two cytokines were
also over-expressed in the NK1.1+, CD4+ T cells from mice that produce IgG anti-NPA
antibodies, and the IL-1β gene was the most over-expressed gene detected in these mice.
The binding of lipopolysaccharide to TLR-4 can induce the transcription of Nlrp3 [46].
In a previous study, we showed that NPA-bearing liposomes induce TLR-4 signaling in
TLR-expressing HEK cells and also in bone marrow-derived mouse macrophages [18],
so the binding of NPAs to TLR-4 on NK1.1+, CD4+ T cells could also increase the expression
of NLRP3, which could contribute to the inflammation that precedes the adaptive immune
response that produces the IgG anti-NPA antibodies.

The other seven top over-expressed genes in NK1.1+, CD4+ T cells (Ifnb1, Il10, Tlr9,
Cd8a, Ccr8, Cd86 and Il6) are probably involved in the activation of these cells through
their TCR or TLR-4, or through cytokines such as IL-4, IL-6 and IL-13. It is well-known
that the antigen-specific signal mediated by the TCR requires another antigen-independent
signal provided by co-stimulation molecules for T cell activation [47]. The binding of the
co-stimulation molecule CD40L on NKT cells with CD40 on B cells triggers the production
of IL-4, IL-6, IL-13 and CD86, which are necessary to induce the response of B cells [27,47].
It should be noted that, in this work, CD40L was increased on NK1.1+, CD4+ T cells, and
the Il6 and Cd86 genes were also over-expressed on these cells. These molecules could
provide the signals required by B cells to produce IgG anti-NPA antibodies. TLR-4 signaling
induces the expression of Il1b, Il6, Il10 and Ccr8 [48,49], suggesting a mechanism by which
NPA-bearing liposomes could induce the expression of these genes on NK1.1+, CD4+ T
cells. Over-expression of Ccr8 has been previously reported on activated CD4+ NKT cells,
and is considered a specific Th2 response gene [49,50].
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Taking together all this information, we propose that, as part of their innate function,
NK1.1+, CD4+ T cells recognize NPAs through their TLR-4, causing an increase in their
expression of the Il1b, Il6, Ccr8 and Nlrp3 genes that participate in the development of the
inflammatory response that activates and recruits cells of the adaptive immune response,
and this could contribute to the production of IgG anti-NPA antibodies. We previously
found an increase in the concentration of IL-6 and IL-10 in the serum of mice with the
lupus-like disease induced by NPAs [18], which could indicate that NK1.1+, CD4+ T cells
are involved in the production of these cytokines. In addition, an increase in the serum
concentration of IFN-I (IFN-β) has also been described in this lupus-like mouse model [18],
and this cytokine could induce the expression of Ifnb1 and Tlr9 [51–53], which were also
found here to be over-expressed in the NK1.1+, CD4+ T cells from mice that produce IgG
anti-NPA antibodies. A network analysis of the top 10 up-regulated genes in these NK1.1+,
CD4+ T cells revealed that TRAF6 and UNC93B1 are the two main nodes of the network.
TRAF6 is essential for the activation, survival and differentiation of CD4+ T cells. Currently,
the function of TRAF6 in NKT cells is poorly understood [54,55]. However, it has been de-
scribed that TRAF6 is necessary for the signaling of IL-1, CD40 and lipopolysaccharide [56].
UNC93B1 participates in the TLR-mediated response to nucleic acids, and it stabilizes TLRs
during their transport to and from endosomes. UNC93B1 is required in TLR signaling to
enable the production of IL-6, CD40, CD80 and CD86, and it controls the response of TLR7
and TLR9 [57,58]. UNC93B1 expression is up-regulated in SLE patients, and it is important
for the optimal production of autoantibodies in lupus-prone mice (B6-Faslpr and BXSB) [59].
All these data underline the possible role of TRAF6 and UNC93B1, through their protein
networks, on the production of IgG anti-NPA antibodies, a role that needs further study in
the mice that produce these antibodies.

5. Conclusions

The increased numbers of NK1.1+, CD4+ T cells, their activation (CD40L+) and their
production of IL-4 in the spleen and mesenteric lymph nodes of mice administered with
NPAs, argue for their participation in the cooperation required for specific B cell activation
and antibody class-switching in the production of IgG anti-NPA antibodies. Moreover, the
NK1.1+, CD4+ T cells from the spleens of these mice over-expressed 40 genes associated
with inflammation and with B cell stimulation, and these genes have TRAF6 and UNC39B1
as key nodes in their network. Altogether, the results of this work show that liposomes can
be used to analyze the cells involved in the production of IgG antibodies against membrane
phospholipids that are in a different molecular association to the membrane lipid matrix.

As future perspectives, we propose to analyze, in situ, the co-stimulation between the
CD40L of NK1.1+, CD4+ T cells and the CD40 of NPA-specific germinal center B cells. We
also propose to identify other cells that participate in lipid-antigen specific germinal centers
(such as follicular dendritic cells and follicular T-lineage cells), the cytokines produced
by these cells and their gene expression profiles. This knowledge would be useful for
the rational design of vaccines against lipid antigens, and of vaccines that use liposomes
as adjuvants.

Author Contributions: Conceived and designed the experiments, C.L.-S., A.R.-M., I.B. and C.W.-B.
Performed the experiments and the acquisition of data, C.L.-S., A.R.-M., S.S.-B., A.S.-R., G.B.-A.,
I.N.-L., I.G.-S., K.T.-P. and O.d.R.C.-G. Performed data analysis, interpretation and discussion, C.L.-S.,
A.R.-M., S.S.-B., A.S.-R., G.B.-A., I.N.-L., I.G.-S., I.W.-B., A.E.-G., I.B. and C.W.-B. Wrote and revised
the paper, C.L.-S., A.R.-M., S.S.-B., A.S.-R., G.B.-A., I.W.-B., A.E.-G., I.B. and C.W.-B. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the Instituto Politécnico Nacional, Mexico
(SIP20210382 to C.W.-B., SIP20210418 to I.B., SIP20210431 to A.R.-M.). A.R.-M., I.W.-B., A.E.-G., I.B.
and C.W.-B. are members of the Sistema Nacional de Investigadores (SNI). C.L.-S., A.S.-R., G.B.-A.
and I.G.-S. received support from CONACYT, Mexico.



Membranes 2022, 12, 643 18 of 20

Institutional Review Board Statement: This study was carried out in accordance with the principles
of the “Guide for the Care and Use of Laboratory Animals” from the US National Institutes of Health.
The protocol was approved by the Bioethics Committee of our institution (CEI-ENCB-025/2014).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare that there are no conflict of interest regarding the publica-
tion of this paper.

Abbreviations

MHC: Major histocompatibility complex, MLN: Mesenteric lymph nodes, NPA-L: Liposomes
bearing promazine-induced NPAs, NPAs: Non-bilayer phospholipid arrangements, PA: L-α-phosphatidic
acid, PC: L-α-phosphatidylcholine, PPI: Protein–protein interaction, SL: Smooth liposomes, SLE: Systemic
Lupus Erythematosus, TCR: T cell receptor.

References
1. Zylberberg, C.; Gaskill, K.; Pasley, S.; Matosevic, S. Engineering liposomal nanoparticles for targeted gene therapy. Gene Ther.

2017, 24, 441–452. [CrossRef] [PubMed]
2. Ray, S.; Cheng, C.A.; Chen, W.; Li, Z.; Zink, J.I.; Lin, Y.Y. Magnetic Heating Stimulated Cargo Release with Dose Control using

Multifunctional MR and Thermosensitive Liposome. Nanotheranostics 2019, 3, 166–178. [CrossRef] [PubMed]
3. Roberts, S.A.; Lee, C.; Singh, S.; Agrawal, N. Versatile Encapsulation and Synthesis of Potent Liposomes by Thermal Equilibration.

Membranes 2022, 12, 319. [CrossRef] [PubMed]
4. Nisini, R.; Poerio, N.; Mariotti, S.; De Santis, F.; Fraziano, M. The Multirole of Liposomes in Therapy and Prevention of Infectious

Diseases. Front. Immunol. 2018, 9, 155. [CrossRef]
5. Poerio, N.; Bugli, F.; Taus, F.; Santucci, M.B.; Rodolfo, C.; Cecconi, F.; Torelli, R.; Varone, F.; Inchingolo, R.; Majo, F.; et al.

Liposomes loaded with bioactive lipids enhance antibacterial innate immunity irrespective of drug resistance. Sci. Rep. 2017,
7, 45120. [CrossRef]

6. Tandrup Schmidt, S.; Foged, C.; Korsholm, K.S.; Rades, T.; Christensen, D. Liposome-Based Adjuvants for Subunit Vaccines:
Formulation Strategies for Subunit Antigens and Immunostimulators. Pharmaceutics 2016, 8, 7. [CrossRef]

7. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2021, 384, 403–416. [CrossRef]

8. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Perez Marc, G.; Moreira, E.D.;
Zerbini, C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

9. Schoenmaker, L.; Witzigmann, D.; Kulkarni, J.A.; Verbeke, R.; Kersten, G.; Jiskoot, W.; Crommelin, D.J.A. mRNA-lipid nanoparticle
COVID-19 vaccines: Structure and stability. Int. J. Pharm. 2021, 601, 120586. [CrossRef]

10. Baeza, I.; Leyva, E.; Campos, B.; Lara, M.; Ibanez, M.; Farfan, N.; Orozco, H.; Flores-Romo, L.; Hernandez-Pando, R.; Wong, C.
Antibodies to non-bilayer phospholipid arrangements induce a murine autoimmune disease resembling human lupus. Eur. J.
Immunol. 2004, 34, 576–586. [CrossRef]

11. Wong-Baeza, C.; Resendiz-Mora, A.; Donis-Maturano, L.; Wong-Baeza, I.; Zarate-Neira, L.; Yam-Puc, J.C.; Calderon-Amador, J.;
Medina, Y.; Wong, C.; Baeza, I.; et al. Anti-Lipid IgG Antibodies Are Produced via Germinal Centers in a Murine Model
Resembling Human Lupus. Front Immunol. 2016, 7, 396. [CrossRef] [PubMed]

12. Almlof, J.C.; Alexsson, A.; Imgenberg-Kreuz, J.; Sylwan, L.; Backlin, C.; Leonard, D.; Nordmark, G.; Tandre, K.; Eloranta, M.L.;
Padyukov, L.; et al. Novel risk genes for systemic lupus erythematosus predicted by random forest classification. Sci. Rep. 2017,
7, 6236. [CrossRef] [PubMed]

13. Sawaf, M.; Dumortier, H.; Monneaux, F. Follicular Helper T Cells in Systemic Lupus Erythematosus: Why Should They Be
Considered as Interesting Therapeutic Targets? J. Immunol. Res. 2016, 2016, 5767106. [CrossRef] [PubMed]

14. Shaikh, M.F.; Jordan, N.; D’Cruz, D.P. Systemic lupus erythematosus. Clin. Med. 2017, 17, 78–83. [CrossRef]
15. Zharkova, O.; Celhar, T.; Cravens, P.D.; Satterthwaite, A.B.; Fairhurst, A.M.; Davis, L.S. Pathways leading to an immunological

disease: Systemic lupus erythematosus. Rheumatology 2017, 56, i55–i66. [CrossRef]
16. Perry, D.; Sang, A.; Yin, Y.; Zheng, Y.Y.; Morel, L. Murine models of systemic lupus erythematosus. J. Biomed. Biotechnol. 2011,

2011, 271694. [CrossRef]
17. Wong-Baeza, C.; Hernandez-Pando, R.; Resendiz, A.; Tescucano, A.; Bustos, I.; Ibanez, M.; Wong, C.; Baeza, I. Molecular

organization of the non-bilayer phospholipid arrangements that induce an autoimmune disease resembling human lupus in mice.
Mol. Membr. Biol. 2012, 29, 52–67. [CrossRef]

http://doi.org/10.1038/gt.2017.41
http://www.ncbi.nlm.nih.gov/pubmed/28504657
http://doi.org/10.7150/ntno.31164
http://www.ncbi.nlm.nih.gov/pubmed/31183312
http://doi.org/10.3390/membranes12030319
http://www.ncbi.nlm.nih.gov/pubmed/35323794
http://doi.org/10.3389/fimmu.2018.00155
http://doi.org/10.1038/srep45120
http://doi.org/10.3390/pharmaceutics8010007
http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1016/j.ijpharm.2021.120586
http://doi.org/10.1002/eji.200324177
http://doi.org/10.3389/fimmu.2016.00396
http://www.ncbi.nlm.nih.gov/pubmed/27746783
http://doi.org/10.1038/s41598-017-06516-1
http://www.ncbi.nlm.nih.gov/pubmed/28740209
http://doi.org/10.1155/2016/5767106
http://www.ncbi.nlm.nih.gov/pubmed/27635407
http://doi.org/10.7861/clinmedicine.17-1-78
http://doi.org/10.1093/rheumatology/kew427
http://doi.org/10.1155/2011/271694
http://doi.org/10.3109/09687688.2012.667577


Membranes 2022, 12, 643 19 of 20

18. Wong-Baeza, C.; Tescucano, A.; Astudillo, H.; Resendiz, A.; Landa, C.; Espana, L.; Serafin-Lopez, J.; Estrada-Garcia, I.; Estrada-
Parra, S.; Flores-Romo, L.; et al. Nonbilayer Phospholipid Arrangements Are Toll-Like Receptor-2/6 and TLR-4 Agonists and
Trigger Inflammation in a Mouse Model Resembling Human Lupus. J. Immunol. Res. 2015, 2015, 369462. [CrossRef]

19. Tonti, E.; Fedeli, M.; Napolitano, A.; Iannacone, M.; von Andrian, U.H.; Guidotti, L.G.; Abrignani, S.; Casorati, G.; Dellabona, P.
Follicular helper NKT cells induce limited B cell responses and germinal center formation in the absence of CD4(+) T cell help.
J. Immunol. 2012, 188, 3217–3222. [CrossRef]

20. Clerici, L.; Casorati, G.; Dellabona, P. B Cell Help by CD1d-Rectricted NKT Cells. Antibodies 2015, 4, 279–294. [CrossRef]
21. Nair, S.; Dhodapkar, M.V. Natural Killer T Cells in Cancer Immunotherapy. Front. Immunol. 2017, 8, 1178. [CrossRef] [PubMed]
22. Hung, J.T.; Huang, J.R.; Yu, A.L. Tailored design of NKT-stimulatory glycolipids for polarization of immune responses. J. Biomed.

Sci. 2017, 24, 22. [CrossRef] [PubMed]
23. Shen, L.; Zhang, H.; Caimol, M.; Benike, C.J.; Chakravarty, E.F.; Strober, S.; Engleman, E.G. Invariant natural killer T cells in lupus

patients promote IgG and IgG autoantibody production. Eur. J. Immunol. 2015, 45, 612–623. [CrossRef] [PubMed]
24. Wikenheiser, D.J.; Brown, S.L.; Lee, J.; Stumhofer, J.S. NK1.1 Expression Defines a Population of CD4(+) Effector T Cells Displaying

Th1 and Tfh Cell Properties That Support Early Antibody Production During Plasmodium yoelii Infection. Front. Immunol. 2018,
9, 2277. [CrossRef]

25. Brennan, P.J.; Brigl, M.; Brenner, M.B. Invariant natural killer T cells: An innate activation scheme linked to diverse effector
functions. Nat. Rev. Immunol. 2013, 13, 101–117. [CrossRef]

26. Vomhof-DeKrey, E.E.; Yates, J.; Leadbetter, E.A. Invariant NKT cells provide innate and adaptive help for B cells. Curr. Opin.
Immunol. 2014, 28, 12–17. [CrossRef]

27. Kumar, A.; Bezbradica, J.S.; Stanic, A.K.; Joyce, S. Characterization and Functional Analysis of Mouse Semi-invariant Natural T
Cells. Curr. Protoc. Immunol. 2017, 117, 14-13. [CrossRef]

28. National Research Council. Guide for the Care and Use of Laboratory Animals; National Academies Press: Washington, WA, USA,
2011; Volume XXV, p. 220.

29. Loizou, S.; McCrea, J.D.; Rudge, A.C.; Reynolds, R.; Boyle, C.C.; Harris, E.N. Measurement of anti-cardiolipin antibodies by an
enzyme-linked immunosorbent assay (ELISA): Standardization and quantitation of results. Clin. Exp. Immunol. 1985, 62, 738–745.

30. Szklarczyk, R.; Heringa, J. AuberGene—A sensitive genome alignment tool. Bioinformatics 2006, 22, 1431–1436. [CrossRef]
31. He, X.; Zhang, J. Why do hubs tend to be essential in protein networks? PLoS Genet. 2006, 2, e88. [CrossRef]
32. Vedove, C.D.; Del Giglio, M.; Schena, D.; Girolomoni, G. Drug-induced lupus erythematosus. Arch. Dermatol. Res. 2009,

301, 99–105. [CrossRef] [PubMed]
33. Lang, M.L. The importance of B cell CD1d expression for humoral immunity. Expert Rev. Vaccines 2014, 13, 1275–1278. [CrossRef]

[PubMed]
34. Sellers, R.S.; Clifford, C.B.; Treuting, P.M.; Brayton, C. Immunological variation between inbred laboratory mouse strains: Points

to consider in phenotyping genetically immunomodified mice. Vet. Pathol. 2012, 49, 32–43. [CrossRef] [PubMed]
35. Hannestad, K.; Scott, H. The MHC haplotype H2b converts two pure nonlupus mouse strains to producers of antinuclear

antibodies. J. Immunol. 2009, 183, 3542–3550. [CrossRef]
36. Hofmann, S.C.; Bosma, A.; Bruckner-Tuderman, L.; Vukmanovic-Stejic, M.; Jury, E.C.; Isenberg, D.A.; Mauri, C. Invariant natural

killer T cells are enriched at the site of cutaneous inflammation in lupus erythematosus. J. Dermatol. Sci. 2013, 71, 22–28. [CrossRef]
37. Yang, W.C.; Hwang, Y.S.; Chen, Y.Y.; Liu, C.L.; Shen, C.N.; Hong, W.H.; Lo, S.M.; Shen, C.R. Interleukin-4 Supports the Suppressive

Immune Responses Elicited by Regulatory T Cells. Front. Immunol. 2017, 8, 1508. [CrossRef]
38. Paul, W.E. History of interleukin-4. Cytokine 2015, 75, 3–7. [CrossRef]
39. Perry, D.; Peck, A.B.; Carcamo, W.C.; Morel, L.; Nguyen, C.Q. The current concept of T (h) 17 cells and their expanding role in

systemic lupus erythematosus. Arthritis 2011, 2011, 810649. [CrossRef]
40. Thedrez, A.; de Lalla, C.; Allain, S.; Zaccagnino, L.; Sidobre, S.; Garavaglia, C.; Borsellino, G.; Dellabona, P.; Bonneville, M.;

Scotet, E.; et al. CD4 engagement by CD1d potentiates activation of CD4+ invariant NKT cells. Blood 2007, 110, 251–258.
[CrossRef]

41. Resendiz-Mora, A.; Wong-Baeza, C.; Nevarez-Lechuga, I.; Landa-Saldivar, C.; Molina-Gomez, E.; Hernandez-Pando, R.;
Wong-Baeza, I.; Escobar-Gutierrez, A.; Baeza, I. Interleukin 4 deficiency limits the development of a lupus-like disease in
mice triggered by phospholipids in a non-bilayer arrangement. Scand. J. Immunol. 2021, 93, e13002. [CrossRef]

42. Chen, Y.; Chen, C.; Zhang, Z.; Liu, C.C.; Johnson, M.E.; Espinoza, C.A.; Edsall, L.E.; Ren, B.; Zhou, X.J.; Grant, S.F.; et al.
DNA binding by FOXP3 domain-swapped dimer suggests mechanisms of long-range chromosomal interactions. Nucleic Acids
Res. 2015, 43, 1268–1282. [CrossRef] [PubMed]

43. Jonsson, H.; Peng, S.L. Forkhead transcription factors in immunology. Cell Mol. Life Sci. 2005, 62, 397–409. [CrossRef] [PubMed]
44. Engelmann, P.; Farkas, K.; Kis, J.; Richman, G.; Zhang, Z.; Liew, C.W.; Borowiec, M.; Niewczas, M.A.; Jalahej, H.; Orban, T.

Characterization of human invariant natural killer T cells expressing FoxP3. Int. Immunol. 2011, 23, 473–484. [CrossRef] [PubMed]
45. Yang, Y.; Wang, H.; Kouadir, M.; Song, H.; Shi, F. Recent advances in the mechanisms of NLRP3 inflammasome activation and its

inhibitors. Cell Death Dis. 2019, 10, 128. [CrossRef]
46. Chow, M.T.; Duret, H.; Andrews, D.M.; Faveeuw, C.; Moller, A.; Smyth, M.J.; Paget, C. Type I NKT-cell-mediated TNF-alpha is a

positive regulator of NLRP3 inflammasome priming. Eur. J. Immunol. 2014, 44, 2111–2120. [CrossRef] [PubMed]
47. Mir, M.A. Developing Costimulatory Molecules for Immunotherapy of Diseases; Elsevier: Amsterdam, The Netherlands, 2015.

http://doi.org/10.1155/2015/369462
http://doi.org/10.4049/jimmunol.1103501
http://doi.org/10.3390/antib4040279
http://doi.org/10.3389/fimmu.2017.01178
http://www.ncbi.nlm.nih.gov/pubmed/29018445
http://doi.org/10.1186/s12929-017-0325-0
http://www.ncbi.nlm.nih.gov/pubmed/28335781
http://doi.org/10.1002/eji.201444760
http://www.ncbi.nlm.nih.gov/pubmed/25352488
http://doi.org/10.3389/fimmu.2018.02277
http://doi.org/10.1038/nri3369
http://doi.org/10.1016/j.coi.2014.01.007
http://doi.org/10.1002/cpim.22
http://doi.org/10.1093/bioinformatics/btl112
http://doi.org/10.1371/journal.pgen.0020088
http://doi.org/10.1007/s00403-008-0895-5
http://www.ncbi.nlm.nih.gov/pubmed/18797892
http://doi.org/10.1586/14760584.2014.932693
http://www.ncbi.nlm.nih.gov/pubmed/24946838
http://doi.org/10.1177/0300985811429314
http://www.ncbi.nlm.nih.gov/pubmed/22135019
http://doi.org/10.4049/jimmunol.0900579
http://doi.org/10.1016/j.jdermsci.2013.04.012
http://doi.org/10.3389/fimmu.2017.01508
http://doi.org/10.1016/j.cyto.2015.01.038
http://doi.org/10.1155/2011/810649
http://doi.org/10.1182/blood-2007-01-066217
http://doi.org/10.1111/sji.13002
http://doi.org/10.1093/nar/gku1373
http://www.ncbi.nlm.nih.gov/pubmed/25567984
http://doi.org/10.1007/s00018-004-4365-8
http://www.ncbi.nlm.nih.gov/pubmed/15719167
http://doi.org/10.1093/intimm/dxr040
http://www.ncbi.nlm.nih.gov/pubmed/21708895
http://doi.org/10.1038/s41419-019-1413-8
http://doi.org/10.1002/eji.201344329
http://www.ncbi.nlm.nih.gov/pubmed/24687687


Membranes 2022, 12, 643 20 of 20

48. Reimer, M.K.; Brange, C.; Rosendahl, A. CCR8 signaling influences Toll-like receptor 4 responses in human macrophages in
inflammatory diseases. Clin. Vaccine Immunol. 2011, 18, 2050–2059. [CrossRef]

49. Oshio, T.; Kawashima, R.; Kawamura, Y.I.; Hagiwara, T.; Mizutani, N.; Okada, T.; Otsubo, T.; Inagaki-Ohara, K.; Matsukawa, A.;
Haga, T.; et al. Chemokine receptor CCR8 is required for lipopolysaccharide-triggered cytokine production in mouse peritoneal
macrophages. PLoS ONE 2014, 9, e94445. [CrossRef]

50. Zingoni, A.; Soto, H.; Hedrick, J.A.; Stoppacciaro, A.; Storlazzi, C.T.; Sinigaglia, F.; D’Ambrosio, D.; O’Garra, A.; Robinson, D.;
Rocchi, M.; et al. The chemokine receptor CCR8 is preferentially expressed in Th2 but not Th1 cells. J. Immunol. 1998, 161, 547–551.

51. Kulkarni, R.R.; Villanueva, A.I.; Elawadli, I.; Jayanth, P.; Read, L.R.; Haeryfar, S.M.; Sharif, S. Costimulatory activation of murine
invariant natural killer T cells by toll-like receptor agonists. Cell Immunol. 2012, 277, 33–43. [CrossRef]

52. Villanueva, A.I.; Haeryfar, S.M.; Mallard, B.A.; Kulkarni, R.R.; Sharif, S. Functions of invariant NK T cells are modulated by TLR
ligands and IFN-alpha. Innate. Immun. 2015, 21, 275–288. [CrossRef]

53. Catalina, M.D.; Bachali, P.; Geraci, N.S.; Grammer, A.C.; Lipsky, P.E. Gene expression analysis delineates the potential roles of
multiple interferons in systemic lupus erythematosus. Commun. Biol. 2019, 2, 140. [CrossRef] [PubMed]

54. Xie, J.J.; Liang, J.Q.; Diao, L.H.; Altman, A.; Li, Y. TNFR-associated factor 6 regulates TCR signaling via interaction with and
modification of LAT adapter. J. Immunol. 2013, 190, 4027–4036. [CrossRef] [PubMed]

55. So, T.; Nagashima, H.; Ishii, N. TNF Receptor-Associated Factor (TRAF) Signaling Network in CD4(+) T-Lymphocytes. Tohoku J.
Exp. Med. 2015, 236, 139–154. [CrossRef] [PubMed]

56. Dainichi, T.; Matsumoto, R.; Mostafa, A.; Kabashima, K. Immune Control by TRAF6-Mediated Pathways of Epithelial Cells in the
EIME (Epithelial Immune Microenvironment). Front. Immunol. 2019, 10, 1107. [CrossRef] [PubMed]

57. Huh, J.W.; Shibata, T.; Hwang, M.; Kwon, E.H.; Jang, M.S.; Fukui, R.; Kanno, A.; Jung, D.J.; Jang, M.H.; Miyake, K.; et al.
UNC93B1 is essential for the plasma membrane localization and signaling of Toll-like receptor 5. Proc. Natl. Acad. Sci. USA 2014,
111, 7072–7077. [CrossRef]

58. Amadori, M.; Amadori, M. The Innate Immune Response to Non-Infectious Stressors: Human and Animal Models; Academic Press:
Cambridge, MA, USA, 2016.

59. Panchanathan, R.; Liu, H.; Choubey, D. Expression of murine Unc93b1 is up-regulated by interferon and estrogen signaling:
Implications for sex bias in the development of autoimmunity. Int. Immunol. 2013, 25, 521–529. [CrossRef]

http://doi.org/10.1128/CVI.05275-11
http://doi.org/10.1371/journal.pone.0094445
http://doi.org/10.1016/j.cellimm.2012.06.002
http://doi.org/10.1177/1753425914527327
http://doi.org/10.1038/s42003-019-0382-x
http://www.ncbi.nlm.nih.gov/pubmed/31044165
http://doi.org/10.4049/jimmunol.1202742
http://www.ncbi.nlm.nih.gov/pubmed/23514740
http://doi.org/10.1620/tjem.236.139
http://www.ncbi.nlm.nih.gov/pubmed/26072698
http://doi.org/10.3389/fimmu.2019.01107
http://www.ncbi.nlm.nih.gov/pubmed/31156649
http://doi.org/10.1073/pnas.1322838111
http://doi.org/10.1093/intimm/dxt015

	Introduction 
	Materials and Methods 
	Ethics 
	Preparation and Characterization of Liposomal Antigens 
	Induction of IgG Anti-NPA Antibodies in C57BL/6 Mice 
	Detection of IgG Anti-NPA, Anti-Cardiolipin and Anti-Histone Antibodies in Mice Sera 
	Analysis of Spleen and Mesenteric Lymph Node NK1.1+, CD4+ T Cells 
	In Vitro Re-Stimulation of NK1.1+, CD4+ T Cells 
	Gene Expression Analysis of NK1.1+, CD4+ T Cells 
	Protein–Protein Interaction (PPI) Network Analysis in NK1.1+, CD4+ T Cells 
	Statistical Analysis 

	Results 
	Liposomes Bearing Promazine-Induced NPAs Induce the Production of IgG Anti-NPA Antibodies in C57BL/6 Mice 
	NK1.1+, CD4+ T Cells Are Activated in Mice That Produce Anti-NPA Antibodies, and These Cells Produce IL-4 in Response to NPAs 
	NK1.1+, CD4+ T Cells from Mice That Produce IgG Anti-NPA Antibodies Over-Express Genes Related to the Immune Response 

	Discussion 
	Conclusions 
	References

