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Abstract: Macrophages are myeloid phagocytic leukocytes whose functions are to protect against
infections, mediate T-cell responses, and maintain tissue homeostasis. IL-12p40 monomer is a cy-
tokine that is largely produced by macrophages, and it has, for the longest time, been considered
a largely non-functional cytokine of the IL-12 family. However, new research has emerged that
demonstrates that this p40 monomer may play a bigger role in shaping immune environments. To
shed light on the specific effects of p40 monomer on macrophages and their surrounding environ-
ment, we showed, through cell culture studies, qPCR, ELISA, and immunofluorescence analyses,
that the direct administration of recombinant p40 monomer to RAW 264.7 cells and primary lung
macrophages stimulated the production of both pro-inflammatory (TNFα) and anti-inflammatory
(IL-10) signals. Accordingly, p40 monomer prevented the full pro-inflammatory effects of LPS,
and the neutralization of p40 monomer by mAb a3-3a stimulated the pro-inflammatory effects of
LPS. Furthermore, we demonstrated that the intranasal administration of p40 monomer upregu-
lated TNFα+IL-10+ macrophages in vivo in the lungs of mice. Collectively, these results indicate
an important immunoregulatory function of p40 monomer in the upregulation of both pro- and
anti-inflammatory molecules in macrophages.
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1. Introduction

Macrophages are phagocytic leukocytes of myeloid lineage of the innate immune
system that are responsible for protecting against infectious pathogens, producing inflam-
matory and/or anti-inflammatory effector proteins, and clearing cellular debris [1–3]. Like
other leukocytes, macrophages have demonstrated plasticity and the ability to adapt to
external environmental stimuli through interaction with signaling proteins, adjacent cells,
and underlying extracellular matrix proteins [1–4]. Activated macrophages are often cate-
gorized as either M1 or M2 cells [5–7]. M2 macrophages tend to produce anti-inflammatory
signals and are commonly associated with wound repair and Th2-mediated effects via
signals such as IL-10, VEGF, TGF-β, and ornithine [8,9]. On the other hand, M1 denotes
classically activated macrophages, exhibiting pro-inflammatory characteristics associated
with the pathogenic invasion and activation of Th1-mediated immune response [5–7,10].
M1 macrophages carry this out through the production of signals such as IL-12p70, IL-
6, TNFα, and nitric oxide (NO), with IL-12p70 being considered one of the most potent
pro-inflammatory cytokines [11–13].

Functional IL-12 exists as a heterodimer composed of p40 and p35 [11,14]. However,
p40 is known not only as a subunit of IL-12 but also as a subunit of IL-23 (along with subunit
p19), as a homodimer, and as a monomer [15,16]. Initially, only IL-12 and IL-23 were
considered bioactive, and p40 homodimer was thought of as an antagonist for IL-12 [17].
Since all four cytokines (IL-12, IL-23, p40 homodimer, and p40 monomer) contain p40 in
different forms, without using a specific monoclonal antibody (mAb), it was not possible to
characterize the functions of p40 homodimer and p40 monomer. However, mAbs against
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p40 monomer and p40 homodimer were not available. Therefore, we have generated
specific functional blocking mAbs against p40 monomer and p40 homodimer separately [18]
and found that functional blocking monoclonal antibodies against p40 homodimer protect
mice from experimental autoimmune encephalomyelitis (EAE), an animal model of multiple
sclerosis (MS) [19], indicating an important role of p40 homodimer in the disease process of
EAE and MS. While the functions of p40 monomer are not known, by using a specific mAb,
recently, we have delineated the selective upregulation of p40 monomer, but not that of
IL-12, IL-23, and p40 homodimer, in the serum of prostate cancer and breast cancer patients
compared with healthy controls [20,21]. Moreover, we have also seen a decrease in p40
monomer and an increase in IL-12, IL-23, and p40 homodimer in the serum of MS patients
compared with healthy controls [11]. However, the functions of p40 monomer remain
poorly understood. Therefore, we aimed to shed some light on the possible direct effects of
p40 monomer on macrophages. Here, we describe that while p40 monomer was capable of
upregulating both pro-inflammatory TNFα and anti-inflammatory IL-10 in macrophages,
the pro-inflammatory effects of LPS were modestly inhibited by recombinant p40 monomer
and stimulated by the mAb-mediated neutralization of p40 monomer.

2. Materials and Methods
2.1. Cell Culture and Reagents

The RAW 264.7 macrophage cell line was purchased from ATCC, Manassas, VA,
USA. Recombinant p40 monomer and antibodies against iNOS were obtained from BD
Biosciences (Franklin Lakes, NJ, USA). DNase I, collagenase D, and LPS were obtained
from Millipore-Sigma (Burlington, MA, USA). An Armenian hamster isotype was obtained
from Tonbo Bioscience (San Diego, CA, USA). Primary antibodies for TNFα were obtained
from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies for IL-10 and CD68 were
obtained from ThermoFisher (Waltham, MA, USA). Secondary fluorophore-conjugated
antibodies were obtained from Jackson Immunoresearch (West Grove, PA, USA).

2.2. Culturing of RAW 264.7 Macrophage Cells

RAW 264.7 cells were cultured in DMEM (ThermoFisher, Waltham, MA, USA) con-
taining 10% FBS (Atlas Biologicals, Fort Collins, CO, USA) and 1% penicillin/streptomycin
(ThermoFisher, Waltham, MA, USA). Experiments were conducted in 12-, 24-, and 6-well
plate formats with a plating density of 100,000 cells/mL. Treatments were carried out in
serum-free medium to eliminate any effect from serum proteins.

2.3. Isolation of Primary Lung Macrophages

Primary alveolar and interstitial macrophages were collected from the lungs of
2–4-month-old C57BL/6 mice. All steps were performed in a cell culture hood under
sterile conditions to prevent contamination. Lungs were perfused with cold PBS by in-
jecting it into the right ventricle of the heart. Single-cell suspensions were obtained by
homogenizing and incubating tissue homogenates with DNase I and collagenase D for 1 h
at 37 ◦C. The cells were then strained through a 40 µm cell strainer (Cell Treat; Peperell, MA,
USA), spun down at 300 g for 5 min, resuspended in an RBS lysis buffer (eBioscience, San
Diego, CA, USA), and spun down again, and the resulting single-cell suspension was plated.
Cells were allowed to adhere and grow for 5–6 days. Trypsin at 0.05% (ThermoFisher,
Waltham, MA, USA) was used to detach loosely adherent lung macrophages, which were
plated for treatment. These cells were homogeneously stained for CD68.

2.4. ELISA

Supernatants from treated RAW 264.7 cells were used to measure the levels of TNFα,
IL-10, and IL-6. Uncoated ELISA kits were purchased from ThermoFisher (Waltham, MA,
USA), and assays were performed according to the manufacturer’s protocols. Coated
Quantikine ELISA kits from R&D (Mckinley Place, NE, USA) were utilized for mouse IFNβ

measurements according to the manufacturer’s protocol.
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2.5. Immunofluorescence

Immunofluorescence was performed as described previously [11]. Briefly, RAW
264.7 cells and primary lung macrophages were plated onto cover slips. After treatment,
cells were fixed with ice-cold 4% paraformaldehyde diluted with PBS. Permeabilization
was carried out with 0.5% Triton-X diluted in PBS. The wells were then blocked with 3%
BSA in PBS for 1 h at room temperature followed by incubation with primary antibodies at
4 ◦C overnight. Cells were then washed and incubated with the appropriate fluorophore-
conjugated secondary antibodies at room temperature for 1 h. Cells were washed again
and incubated with DAPI at 1:10,000 for 5 min. Coverslips were removed, mounted with
cytoseal, and observed with a BX-42 Olympus microscope.

2.6. Intranasal Administration of Recombinant p40 Monomer

C57BL/6 female mice (4–6-months old) were treated intranasally with recombinant
p40 monomer (50 ng/mouse/day). The p40 monomer dissolved in 2 µL of sterile PBS was
delivered through one nostril via a Pipetman pipette while keeping the mouse in supine
position. After 4 days of treatment, lung tissues were collected for further studies.

2.7. RNA Extraction and Quantitative Real-Time PCR (qPCR)

RNA from tissue and cells was collected using the RNeasy Plus Mini kit obtained
from Qiagen (Germantown, MA, USA). RNA extraction was performed according to the
manufacturer’s protocol as previously described [11,21]. After extraction, cDNA was
synthesized using reagents obtained from ThermoFisher (Waltham, MA, USA). The qPCR
was performed using SYBR Green and measured using the Quantstudio 3 system from
ThermoFisher (Waltham, MA, USA). Ct values were collected, and fold-change values,
calculated using the delta–delta method of analysis.

2.8. FACS Analysis

Primary cells collected from the lungs were stained for flow cytometric analyses. Cells
were first stained with Aqua live/dead (ThermoFisher, Waltham, MA, USA) to exclude
dead cells; then, they were washed with PBS and incubated with Fc block (BD Biosciences,
Franklin Lakes, NJ, USA) to control for non-specific binding. Cells were washed and
incubated with FITC-conjugated CD68 antibody (Biolegend, San Diego, CA, USA) for
30 min at 4 ◦C. The samples were then washed and fixed with 4% paraformaldehyde in
PBS for 10 min followed by permeabilization with a permeabilization buffer (ThermoFisher,
Waltham, MA, USA) for 10 min. The samples were then incubated with APC-conjugated
IL-10 antibody and PE-conjugated TNFα antibody (Biolegend, San Diego, CA, USA) in
permeabilization buffer for 30 min at 4 ◦C. Samples were washed twice, resuspended in flow
staining buffer (ThermoFisher, Waltham, MA, USA) and examined in the LSRFortessa cell
analyzer (BD Biosciences). Results were analyzed using FlowJo V10 software as previously
described [11].

2.9. Immunoblotting Analysis

Tissue samples were homogenized with RIPA buffer and spun at 10,000 rpm for 10 min
at 4 ◦C. Supernatants (protein samples) were quantified using the DC Protein assay from Bio-
Rad (Des Plaines, IL, USA) according to the manufacturer’s protocol, and 50 micrograms of
protein per well was run on 12% SDS-PAGE gels. The samples were then transferred onto
0.4 µm nitrocellulose membranes. The membranes were blocked with Licor (Lincoln, NE,
USA) blocking buffer and probed overnight with primary antibodies at 4 ◦C. The following
day, the membranes were washed and probed with the appropriate Licor fluorophore-
tagged secondary antibodies for 1 h at room temperature. The membranes were then
washed and imaged on an Odyssey infrared scanner (Licor, Lincoln, NE, USA) followed by
Western blot band analysis using Image Studio Lite V5.2. Results were normalized to the
band intensity of β-actin.
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2.10. Statistical Analysis

Statistical analyses were performed using Graphpad Prism 10.1.1. Statistical differ-
ences between means were calculated by the t-test (two-tailed). Variance between multiple
means was calculated via one-way ANOVA, followed by Tukey’s post hoc tests. The
criterion for statistical significance was p ≤ 0.05. Values are expressed as means ± SEs.
Real-time qPCR heatmaps and clustering hierarchies were generated using the R package
pheatmap, version 1.0.12.

3. Results
3.1. Recombinant p40 Monomer Treatment Induced the Expression of Anti-Inflammatory Cytokine
IL-10, Pro-Inflammatory Cytokines, and Different Immunomodulatory Molecules in RAW
264.7 Macrophages

To test the direct effect of p40 monomer on macrophages, cells were treated with
different concentrations (50, 100, and 200 ng/mL) of p40 monomer under serum-free
conditions for 24 h. When supernatants were analyzed for pro-inflammatory cytokines, we
observed a dose-dependent increase in the secretion of both TNFα (Figure 1A) and IL-6
(Figure 1C). However, it was found that the anti-inflammatory signal IL-10 (Figure 1B) also
increased commensurately with the concentration of p40 monomer. IL-12p70 was excluded
from measurement due to non-specific binding of ELISA antibodies to p40 monomer.

Since significant induction of IL-10 production was found at a dose of 100 ng/ml p40
monomer (Figure 1B), we used this concentration for subsequent experiments. Internal
staining was carried out for iNOS (inducible nitric oxide synthase), a common marker for
classical M1 macrophages [6], and its expression levels were compared to those of IL-10
(Figure 1D). After treatment with 100 ng/mL p40 monomer, there was a slight increase in
iNOS, but it was not significant (Figure 1D,E). However, the detected levels of IL-10 were
shown to be significantly upregulated after treatment, again confirming the induction of
both pro- and anti-inflammatory signals by p40 monomer (Figure 1D,F).

To further investigate the phenotypic changes that occur after direct treatment with p40
monomer, the mRNA expression of certain immunomodulatory molecules was analyzed
via qPCR. Arginase 1 (ARG1) is a marker of classical M2 macrophages, and the qPCR
results demonstrated an increase in ARG1 transcription (Figure 1H). On the other hand,
increased expression of MMP9 (Figure 1G), KLF4 (Figure 1I), and TGFβ (Figure 1J) induced
by p40 monomer could imply a proclivity towards lung remodeling and a tumor-associated
macrophage (TAM) phenotype. Furthermore, an increase in CCL1 mRNA (Figure 1K)
levels induced by p40 monomer may be indicative of an M2b-specific profile [12].

3.2. Treatment of Primary Murine Lung Macrophages with Recombinant p40 Monomer Induced
Similar Pro- and Anti-Inflammatory Phenotypes in RAW 264.7 Cells

To determine whether the observed effects seen in the RAW 264.7 macrophage cell
line could be replicated in primary cells, primary macrophages from adult mouse lungs
were collected and treated with recombinant p40 monomer. To obtain a clearer picture
of what effects p40 monomer has on lung primary cells, a panel of 39 genes associated
with various macrophage subtypes were tested by qPCR analysis (Figure 2A). Results
demonstrated significant changes in the transcriptomic profiles of lung macrophages
treated with recombinant p40 monomer compared with those of the control set. Similar
to the findings on RAW 264.7 cells, the results showed an increase in both pro- and anti-
inflammatory markers. Some pro-inflammatory M1-like markers that were upregulated by
p40 monomer include TNFα, CD86, and STAT1 (Figure 2A). However, anti-inflammatory
M2-like markers such as IL-10, TGFβ, and STAT6 were also upregulated (Figure 2A).
Consistently with what we found in RAW 264.7 cells, we found a decrease in iNOS (M1)
and an increase in ARG1 (M2) after p40 monomer treatment (Figure 2A).
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free medium. ELISA-based cell supernatant cytokine measurement results show levels of increase 
in TNFα, IL-10, and IL-6 (A–C). Immunofluorescent imaging demonstrates increases in levels of 
intracellular iNOS and IL-10 after treatment with 100 ng/mL p40 monomer for 24 h. Images taken 
at 20× magnification (D) and quantitative MFI analysis normalized to DAPI content (E,F). Real-time 
PCR results for characteristic markers associated with lung remodeling (MMP9), M2 macrophages 
(ARG1), cancer-associated phenotype (KLF4, TGFβ), and M2b phenotype (CCL1) (G–K). Results are 
means ± SEMs of three different experiments. Significance was determined using one-way ANOVA 
or two-tailed t-tests. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. 
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Figure 1. Effects of direct administration of recombinant p40 monomer to RAW 264.7 cells. Cells
were treated with various concentrations of p40 monomer once at 70% confluence for 24 h in serum-
free medium. ELISA-based cell supernatant cytokine measurement results show levels of increase
in TNFα, IL-10, and IL-6 (A–C). Immunofluorescent imaging demonstrates increases in levels of
intracellular iNOS and IL-10 after treatment with 100 ng/mL p40 monomer for 24 h. Images taken at
20× magnification (D) and quantitative MFI analysis normalized to DAPI content (E,F). Real-time
PCR results for characteristic markers associated with lung remodeling (MMP9), M2 macrophages
(ARG1), cancer-associated phenotype (KLF4, TGFβ), and M2b phenotype (CCL1) (G–K). Results are
means ± SEMs of three different experiments. Significance was determined using one-way ANOVA
or two-tailed t-tests. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
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Figure 2. Effects of direct administration of recombinant p40 monomer on primary lung-associated
macrophages. The heatmap shows transcriptomic changes via qPCR in lung-associated macrophages
for a variety of relevant genes after 24 h treatment with 100 ng/mL p40 monomer on 70% confluent
cells in serum-free medium (A). The immunofluorescent staining of lung-associated macrophages
shows changes in levels of intracellular TNFα and IL-10 after 100 ng/mL p40 monomer treatment for
24 h (B,C). Quantitative MFI analysis was normalized to surface CD68 content to confirm that the
signals measured were from macrophages (D,E). Primary cell culture supernatant was collected to
measure IL-10 secretion levels following treatment with different concentrations of p40 monomer for
24 h via ELISA (F). Results are means ± SEMs of three different experiments. Significance was deter-
mined using one-way ANOVA analysis or two-tailed t-tests. * p < 0.05; ** p < 0.01; ns, not significant.
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To confirm the findings at the protein level, immunofluorescent staining was per-
formed to monitor intracellular levels of TNFα and IL-10 (Figure 2B–E). CD68 was used
as a marker of macrophages. In line with our qPCR results, double-label immunofluores-
cence studies also showed upregulation of both IL-10 (Figure 2B) and TNFα (Figure 2C)
in CD68-positive macrophages after p40 monomer treatment. These results were corrob-
orated by quantification of mean fluorescence intensity (MFI) of IL-10 (Figure 2D) and
TNFα (Figure 2E).

Finally, cell culture supernatants were collected to test for IL-10 production by
sandwich ELISA (Figure 2F). Similar to the findings in RAW 264.7 cells, the results
showed that p40 monomer dose-dependently increased the production of IL-10 in primary
lung macrophages.

3.3. Recombinant p40 Monomer Attenuated LPS-Driven M1 Polarization in RAW 264.7 Cells and
Primary Murine Lung Macrophages

Our previous research showed that LPS treatment of primary peritoneal mouse
macrophages and microglia resulted in a significant increase in the production of p40
monomer. With this in mind, we wanted to determine the role of p40 monomer with
respect to M1 activation, specifically LPS/TLR4-induced M1 polarization [22]. RAW
264.7 cells were pre-treated with 100 ng/mL p40 monomer for 18 h and then stimulated
with 100 ng/mL LPS for 6 h for a total of 24 h of treatment (Figure 3A). Immunofluores-
cence analysis predictably showed an increase in iNOS levels after LPS stimulation alone.
Furthermore, in accordance with data shown earlier, the p40 monomer treatment alone
exhibited a slight increase in iNOS levels (Figure 3B). However, after pre-treatment with
p40 monomer, LPS challenge remained less effective in inducing iNOS compared with its
non-pre-treated counterpart. Although expectedly [23], LPS increased the levels of IL-10 in
primary lung macrophages, and p40 monomer was more potent than LPS in increasing the
levels of IL-10 (Figure 3C). However, in the presence of both LPS and p40 monomer, the
levels of IL-10 were found to be comparable with those in cells treated with p40 monomer
only (Figure 3C).

To determine whether IL-10 secretion is a result of the direct administration of p40
monomer, and not a response to any inflammatory response, cells were plated for short-
term treatment. Cells were treated for 1, 3, and 6 h before sample collection. LPS-treated
cells were used for comparison. LPS-treated cells began to exhibit a large increase in
TNFα secretion at 3 h, which further increased at 6 h (Figure 3D). On the other hand, p40
monomer-treated cells showed a slight but non-significant increase in TNFα within the 6 h
window. When looking at IL-10 levels, both LPS- and p40 monomer-treated cells showed
an increase after 3 h. However, our data showed that the levels of IL-10 obtained with p40
monomer treatment were higher than those obtained with LPS after treatment for different
durations (Figure 3E). The results seem to indicate that the IL-10 release because of p40
monomer treatment was not due to any feedback response from TNFα or any effect of LPS
treatment and that p40 monomer itself caused the increase.

To determine if these results were comparable in primary lung macrophages, double-
label immunofluorescence was carried out to determine the level of M1 activation by LPS
and whether p40 monomer could show any inhibitory effect. It was found that treatment
with p40 monomer followed by LPS showed less iNOS production compared with its
non-pre-treated counterpart. This may indicate that p40 monomer plays a role in blunting
the inflammatory response to LPS in lungs (Figure 3F,G). Taken together, it may be the
case that p40 monomer could play a significant role in either inhibiting M1 polarization or
resolving the inflammatory effects of M1 macrophages.



Immuno 2024, 4 84
Immuno 2024, 4, FOR PEER REVIEW 8 
 

 

 
Figure 3. Effects of recombinant p40 monomer and LPS on RAW 264.7 cells and primary lung mac-
rophages. RAW 264.7 cells were plated and pre-treated at 70% confluence with 100 ng/mL recombi-
nant p40 monomer for 18 h and subsequently treated with 100 ng/mL LPS for 6 h in serum-free 
medium. Immunofluorescent staining shows levels of intracellular iNOS and IL-10 (A). Non-treated 
cells were considered controls (A). Quantitative MFI levels are presented as MFI per DAPI content 
(B,C). RAW 264.7 cells were treated at 70% confluence with either only LPS or p40 in serum-free 
medium for short-term 6 h treatment. Cell supernatants were collected for ELISA measurement of 
TNFα and IL-10 at 1, 3, and 6 h (D,E). Results are means ± SEMs of three different experiments. 
Primary lung macrophages were plated and treated for 6 h with LPS or pre-treated with p40 mon-
omer for 18 h before 6 h LPS treatment. Immunofluorescent staining shows intracellular levels of 
iNOS and cell surface levels of CD68 (F). Quantitative analysis is presented as MFI normalized to 
CD68 content (G). All images were taken at 20× magnification. Significance was determined using 
one-way ANOVA analysis. * p < 0.05; ** p < 0.01; ns, not significant. 

To determine if these results were comparable in primary lung macrophages, dou-
ble-label immunofluorescence was carried out to determine the level of M1 activation by 
LPS and whether p40 monomer could show any inhibitory effect. It was found that treat-
ment with p40 monomer followed by LPS showed less iNOS production compared with 

Figure 3. Effects of recombinant p40 monomer and LPS on RAW 264.7 cells and primary lung
macrophages. RAW 264.7 cells were plated and pre-treated at 70% confluence with 100 ng/mL
recombinant p40 monomer for 18 h and subsequently treated with 100 ng/mL LPS for 6 h in serum-
free medium. Immunofluorescent staining shows levels of intracellular iNOS and IL-10 (A). Non-
treated cells were considered controls (A). Quantitative MFI levels are presented as MFI per DAPI
content (B,C). RAW 264.7 cells were treated at 70% confluence with either only LPS or p40 in serum-
free medium for short-term 6 h treatment. Cell supernatants were collected for ELISA measurement
of TNFα and IL-10 at 1, 3, and 6 h (D,E). Results are means ± SEMs of three different experiments.
Primary lung macrophages were plated and treated for 6 h with LPS or pre-treated with p40 monomer
for 18 h before 6 h LPS treatment. Immunofluorescent staining shows intracellular levels of iNOS
and cell surface levels of CD68 (F). Quantitative analysis is presented as MFI normalized to CD68
content (G). All images were taken at 20× magnification. Significance was determined using one-way
ANOVA analysis. * p < 0.05; ** p < 0.01; ns, not significant.

3.4. mAb-Mediated Neutralization of p40 Monomer Resulted in Higher Levels of Pro-Inflammatory
Cytokine Release and iNOS Expression in LPS-Treated RAW 264.7 Cells

To further explore whether p40 monomer plays a role in macrophage regulation,
our novel monoclonal antibodies (a3-3a) [18] were used to neutralize the effects of p40
monomer in LPS-treated cultures. Cells were treated concurrently with 100 ng/mL LPS
and 5 µg/mL a3-3a antibody for 6 h. As control, cells were also treated with hamster
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IgG. ELISA results showed a significant increase in TNFα release (Figure 4A) and IL-6
(Figure 4B), demonstrating that the neutralization of p40 monomer led to greater secretion
of these cytokines compared with that of LPS alone. However, when measuring the levels
of IL-10 (Figure 4C), it was found that treatment with both LPS and a3-3a also induced
a significant increase. This is possibly due to the macrophage response to LPS, in which
there is upregulation of type I interferons capable of inducing IL-10 production [24,25].
Indeed, while analyzing the level of type I interferon IFNβ by ELISA, we found a significant
increase in levels after treatment with both LPS and a3-3a (Figure 4D). Furthermore, the
immunofluorescence results (Figure 4E,F) show a significant increase in iNOS-positive
macrophages, indicating that in the absence of any potential autocrine regulatory effects
of p40 monomer, LPS-driven M1 polarization of macrophages exhibits a stronger pro-
inflammatory response, followed by a faster resolution mediated by IFNβ.
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Figure 4. Effects of p40 monomer-neutralizing antibody a3-3a on LPS-treated RAW 264.7 cells. RAW
264.7 cells were treated at 70% confluency with 100 ng/mL LPS, LPS and 5 µg/mL of a3-3a, or LPS
and 5 µg/mL of isotype hamster IgG in serum-free medium. Cells supernatants were collected 6 h
after treatment for ELISA measurement of TNFα, IL-6, IL-10, and IFNβ (A–D). Immunofluorescent
image analysis shows intracellular levels of iNOS with quantification presented as MFI per DAPI
content (E,F). All images were taken at 40× magnification. Results are means ± SEMs of three different
experiments. Significance was determined using one-way ANOVA analysis. * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001; ns, not significant.
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3.5. Intranasal Administration of Recombinant p40 Monomer Resulted in Increased Levels of
CD68+TNFα+IL-10+ Macrophages In Vivo in the Lungs of Mice

To determine whether the effects seen in cell cultures could be translated in vivo,
C57/BL6 mice were treated with p40 monomer intranasally, and single-cell suspension
from the lungs were stained for CD68 by FACS to select macrophages along with TNFα
and IL-10. Our initial trial experiments demonstrated that recombinant p40 monomer
at a dose of 50 ng/mouse was sufficient to induce a measurable change in the lung-
associated macrophage phenotype. The results showed a significant increase in TNFα+IL-
10+ macrophages induced by p40 monomer as compared with the PBS control (Figure 5A,B).
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Figure 5. Effects of intranasal administration of recombinant p40 monomer on C57BL/6 wild-type
mice. C57BL/6 mice (n = 4) were treated intranasally with 50 ng p40 monomer daily for 4 days.
Sterile filtered DPBS was administered to control mice. On day 4, lung tissue was harvested. The
flow cytometric gating strategy isolates live single cells and CD68+ cells from lung single cells. TNFα
and IL-10 double-positive cells were measured (A). The total number of CD68+TNFα+IL-10+ cells
was compared between control and rp40 monomer-treated mouse lungs (B). The heatmap shows
differences in the transcriptomic levels of the chosen markers (C). The immunoblot analysis of protein
extracted from lung tissue demonstrates levels of TTF-1, ARG1, and TNFα, with β-actin as loading
control (D). Quantification measure band intensity of target normalized to intensity of β-actin (E–F).
Results are means ± SEMs of four mice per group. Significance was determined using two-tailed
t-tests. ** p < 0.01; *** p < 0.001; ns, not significant.
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Real-time qPCR was run for specific gene targets from lung tissue mRNA (Figure 5C).
Results from these runs showed a decreasing trend in transcripts associated with a tumori-
genic phenotype, such as TGFβ and VEGFa, while there were no noticeable changes in
others, such as EGFR. In addition, we noticed an increase in ADAM10, which has been
shown to be associated with NSCLC and a potential biomarker for lung cancer detec-
tion [26,27]. We also observed increases in certain M2-associated genes (ARG1, CD163,
STAT3, and MRC1), markers associated with tissue remodeling (VIM and MMP9), and
Th2-associated markers (IL-13, IL-33, CCL1, and CCL2) after p40 monomer treatment.

The Western blot analysis of whole lung tissue also showed a significant increase
in the levels of ARG1 (Figure 5E) and TNFα (Figure 5F), although not at the level to
reach significance in the case of the latter one. The increase in ARG1 levels in the lung,
combined with the transcriptomic upregulation of markers associated with Th2 response
and lung remodeling, may indicate that p40 monomer may play a role not only in resolving
inflammation but also in the remodeling phase associated with post injury/inflammation.

4. Discussion

Macrophages play a multitude of roles, such as mediating inflammatory responses, de-
fense against pathogens, or homeostatic functions of tissue maintenance [28]. Macrophages
and signals associated with macrophages can be used as diagnostic markers and targets
for treatment of certain diseases via modulating their surrounding microenvironment [29].
Signals such as LPS and/or IFNγ stimulate an M1 phenotype, while signals such as IL-4
and IL-13 stimulate an M2 phenotype. However, rather than existing in a distinct M1 or
M2 state, studies report that macrophages exist on more of a spectrum, with the identifica-
tion of subtypes such as M1, M2a, M2b, M2c, or M2d, which are capable of producing a
combination of signals classically considered pro- or anti-inflammatory [4,12,30].

While M1 macrophages are pro-inflammatory and express high amounts of iNOS,
M2 macrophages are anti-inflammatory and characterized by ARG1. Therefore, increases
in ARG1 and decreases in iNOS induced by p40 monomer may seemingly indicate po-
larization of macrophages towards the M2 phenotype. However, IL-10 is an important
anti-inflammatory regulatory effector cytokine produced by M2 macrophages, and our
data suggest that p40 monomer alone is sufficient to stimulate not only IL-10 release but
also TNFα and IL-6, both classically considered pro-inflammatory. With this paradoxical
pattern of effector cytokine release, it is difficult to categorize these cells as either wholly
pro-inflammatory (M1) or anti-inflammatory (M2). While seemingly contradictory in na-
ture, there have been reports of this pattern of cytokine release. For example, a subset of M2
macrophages known as M2b macrophages have been shown to secrete a combination of pro-
and anti-inflammatory cytokines. Activated by combinations of LPS, immune complexes,
or IL-1β, one of the most characteristic markers of this subtype is CCL1 [31,32]. In fact, we
see from our RAW 264.7 cell culture and in vivo lung qPCR panel that CCL1 is upregulated
in the presence of p40 monomer. Therefore, p40 monomer may be responsible for the
generation of M2b macrophages. Moreover, recently, we have seen that p40 monomer
suppresses the disease process of EAE in mice [11]. Since IL-10 is a key anti-inflammatory
cytokine for the suppression of autoimmune diseases like MS [33,34], it is likely that IL-10
plays a role in the p40 monomer-mediated protection of EAE.

We also observe a similar pattern of expression of both pro- and anti-inflammatory
profiles in primary lung macrophages, especially when considering TNFα and IL-10. While
lungs contain a heterogeneous population of macrophages [35], our data seem to imply that
p40 monomer is capable of modulating any macrophage of monocytic lineage. This, com-
bined with our RAW 264.7 cell data and our previously published work on microglia [36],
implies some degree of ubiquity in p40 monomer’s effects on different populations of
macrophages in the body. This is significant when considering that studies have shown
correlative predictive effects for various conditions, such as coronary artery disease and
infections associated with burn severities using TNFα/IL-10 ratios [37–39]. The data pre-
sented could give insight into how macrophages and their surrounding tissue regulate this
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ratio and give stronger evidence of p40 monomer as a possible prognostic biomarker for
various diseases [40–42].

Here, we avoided using knockout models (e.g., p40 null mice that are expected to
be deficient in IL-12, 1L-23, p40 homodimer, and p40 monomer) and investigated the
direct effects of p40 monomer in the presence of LPS. Indeed, in the presence of p40
monomer, LPS did not elicit as strong of an M1 response as it did alone. This may be
due to a regulatory function of p40 monomer in macrophages. One way by which p40
monomer may play a regulatory role is the early release of IL-10 to mitigate the effects
of LPS. It has been demonstrated in the past that classically activated macrophages have
intrinsic ways of self-limiting its inflammatory characteristics [23,43,44]. Considering our
previous report that LPS treatment alone was enough to elicit an p40 monomer release
in peritoneal macrophages and microglia [18], this may demonstrate that p40 monomer
acts as another intermediate player between LPS and IL-10, and that in the presence
of p40 monomer, macrophages are already primed to produce IL-10, thus blunting the
inflammatory response of LPS stimulation. This was further supported by a stronger
LPS-induced M1 pro-inflammatory signal in the presence of a neutralizing mAb against
p40 monomer. Therefore, p40 monomer plays an important role in the immunosuppression
and/or self-regulation of macrophages.

Another important finding is the upregulation of CD68+TNFα+IL-10+ macrophages
in the lungs after p40 monomer treatment. At this stage, it is unclear what effect these cells
may have on the overall function within the lungs, but clues may be found in our qPCR
panel data. We found a phenotypic profile consistent with M2-like response, which was
supported by our immunoblot results confirming the upregulation of ARG1. M2 and Th2
markers (e.g., IL-13 and IL-33), along with markers, such as vimentin, that were found
to be upregulated, seemed to be indicative of a shift towards an environment conducive
to lung remodeling. It is known that M2 and Th2 responses are often associated with
tissue remodeling and wound healing, especially in disorders such as allergy, asthma,
and inflammation [45–47]. While we found that certain matrix protein (e.g., COL1A1 and
COL1A2) transcript levels decreased after p40 monomer treatment, we did see a clear
increase in vimentin. Vimentin, often a marker of epithelial-to-mesenchymal transition
(EMT), has been found to be associated with the onset of fibrosis [48], and studies have
shown that macrophages facilitate repair via vimentin [49].

5. Conclusions

In summary, we have demonstrated that p40 monomer is a possible player in the
immune regulation of macrophages and lung tissue remodeling by demonstrating that
(1) p40 monomer directly induces production of both TNFα and IL-10 in macrophages,
(2) p40 monomer potentially regulates M1 polarization, and (3) direct administration of
p40 monomer through the lungs may facilitate M2/Th2-driven lung remodeling.
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