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Abstract: Lung cancer has the highest mortality among all types of cancer; during its development,
cells can acquire neural and endocrine properties that affect tumor progression by releasing several
factors, some acting as immunomodulators. Neuroendocrine phenotype correlates with invasiveness,
metastasis, and low survival rates. This work evaluated the effect of neuroendocrine differentiation
of adenocarcinoma on the mouse immune system. A549 cells were treated with FSK (forskolin)
and IBMX (3-Isobutyl-1-methylxanthine) for 96 h to induce neuroendocrine differentiation (NED).
Systemic effects were assessed by determining changes in circulating cytokines and immune cells of
BALB/c mice immunized with PBS, undifferentiated A549 cells, or neuroendocrine A549NED cells.
A549 cells increased circulating monocytes, while CD4+CD8− and CD4+CD8+ T cells increased in
mice immunized with neuroendocrine cells. IL-2 and IL-10 increased in mice that received untreated
A549 cells, suggesting that the immune system mounts a regulated response against adenocarcinoma,
which did not occur with A549NED cells. Cocultures demonstrated the cytotoxic capacity of PBMCs
when confronted with A549 cells, while in the presence of neuroendocrine cells they not only were
unable to show cytolytic activity, but also lost viability. Neuroendocrine differentiation seems to
mount less of an immune response when injected in mice, which may contribute to the poor prognosis
of cancer patients affected by this pathology.

Keywords: lung cancer; adenocarcinoma; neuroendocrine cancer; neuroendocrine differentiation;
immunosuppression; cytotoxic cells; immune escape

1. Introduction

Lung cancer has the highest mortality rate among all types of cancer worldwide and
is also the second-most diagnosed malignant disease in both men and women [1]. Despite
the implementation of new treatments, the 5-year survival rate for this type of cancer is
still less than 15% in developed countries, whereas this figure drops to 5% in developing
countries [2,3].

Lung cancers with epithelial origin can be broadly classified into two types: small cell
carcinomas (SCLC) and non-small cell carcinomas (NSCLC) [4]. Amongst all subtypes of
NSCLC, adenocarcinoma is the most common (~40% of all cases), arising from epithelial
cells that produce fluid or mucus [2,3,5].

During tumor progression, and as a result of evolutionary pressures within the tumor
microenvironment, some cells may undergo a process of neuroendocrine differentiation
(NED), acquiring neural and endocrine properties. Up to 50% of NSCLC cases may contain
a large number of focal subpopulations of cells that have undergone NED, being more
abundant in higher-grade tumors [6], and although these cells prevail among a predominant
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population of non-differentiated adenocarcinoma cells, they have a great effect on the tumor
microenvironment and cancer progression [7,8].

The complexity of NED in cancers has made it difficult to associate it with a specific
prognosis for patients; however, the presence of its markers in prostate carcinomas has
been widely correlated with an increase in metastasis, pathological progress, and lower
survival of patients [9–11].

Cancer cells that acquire this phenotype can produce neurotransmitters and growth
factors that favor tumor growth through paracrine stimulation. For example, IL-8, GRP,
neurotensin, and serotonin are molecules produced by neuroendocrine cells whose onco-
genic and mitogenic activity is well-documented [7,9,12]. Neuroendocrine cells also express
high levels of anti-apoptotic molecules, such as survivin and Bcl-2 family proteins, so it
seems that NED provides resistance to programmed cell death [10].

Another essential characteristic of neuroendocrine cancer cells is that they are in a
post-mitotic (non-proliferative) state, and their differentiation can be complete, partial, and
even reversible [7,10]. The neuroendocrine cells’ low proliferative capacity significantly
impacts tumor progression, especially in response to chemotherapy, which commonly
targets cells that multiply rapidly and uncontrollably, endowing these cells with chemore-
sistance [12]. Therefore, the reversibility of NED represents yet another challenge for
patients since neuroendocrine cells surviving anticancer drugs can resume proliferation
and cause tumor recurrence.

Recently, using a lung adenocarcinoma cell line (A549), it was shown in vitro that the
cytolytic capacity of Jurkat cells (T lymphocytes) decreases substantially when confronted
with cancer cells differentiated to a neuroendocrine phenotype [13]. This led us to suggest
that, in addition to all the protumorigenic properties of neuroendocrine cells, the factors
that they secrete may serve as immunomodulators, interfering with the immune system’s
response against cancer and adding to the plethora of reasons explaining why this is a more
aggressive form of cancer.

This work aimed to determine the effect of neuroendocrine differentiation of lung
cancer cells on the immune system of mice, particularly on peripheral blood mononuclear
cells (PBMCs), which comprise most of the immune cells that respond against cancer, i.e.,
monocytes, dendritic cells, NK cells, T cells, and B cells.

Our results confirm that mice immune cells are unable to kill lung cancer cells with neu-
roendocrine differentiation, contrary to what happens when they are confronted with their
undifferentiated counterparts—inducing cancer cell death. We also proved that, somehow,
neuroendocrine cells inhibit the cell proliferation of immune cells, suggesting a proapoptotic
or an exhaustion activity of the immune cells. Finally, based on PBMC and cytokine profiles,
we hypothesize that neuroendocrine differentiation promotes the escape from the immune
system, mainly through immunosuppression mediated by T cell polarization.

2. Results
2.1. Neuroendocrine Differentiation of A549 Lung Cancer Cells Is Induced by Treatment with
cAMP-Elevating Agents

To induce a neuroendocrine phenotype, A549 cells were treated with FSK (0.5 mM)
and IBMX (0.5 mM). Treated cells presented neurite-like processes, unlike control A549
cells (Figure 1). After measuring the size of the neurite-like outgrowths in neuroendocrine
A549NED cells and comparing them with epithelial outgrowths from untreated cells, it was
found that there was a significant difference (p = 0.0004) between both groups, with neurite-
like outgrowths being significantly longer in neuroendocrine cells (Figure 1D). Outgrowths
present in A549 cells measured 14.7 ± 1.36 µm, while treated cells had processes that
reached an average size of 47.02 ± 6.15 µm.

To further confirm that cells were successfully differentiated, we measured chromo-
granin A (CgA) and synaptophysin (Syn), which are common neuroendocrine markers.
Semi-quantitative analysis was performed using RT-PCR and densitometry, determining
the relative expression of the genes of interest. As depicted in Figure 2A, reaction products
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corresponded to the expected sizes for each gene (Syn, 123 bp; CgA, 102 bp; GAPDH, 120 bp).
Data were normalized using GAPDH and the control group, obtaining the fold change in
relative expression. Both Syn and CgA had a significantly higher expression in A549NED cells
(p = 0.0356 and p = 0.0467, respectively); on average, A549NED cells had a 1.491-fold increase in
Syn expression, whereas CgA expression increased 2.051-fold (Figure 2). These results confirm
that treatment with FSK and IBMX induced a neuroendocrine phenotype in A549 cells.
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Figure 1. Morphological changes in A549 cells treated with FSK and IBMX. Undifferentiated A549
cells show normal epithelial morphology (A) whereas A549NED cells present neurite-like outgrowths
24 h after treatment with cAMP-elevating agents (B). A zoomed-in image of the cells with the largest
processes observed in (B) is also included (C). The bar graph shows the average outgrowth size in
treated and untreated cells (D); results are presented as the mean ± SEM (n = 3, *** p < 0.001).
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Figure 2. Gene expression of neuroendocrine markers. Syn, CgA, and GAPDH were amplified by
RT-PCR from cDNA of A549 cells without treatment (Ctrl), A549 treated cells (NED), and neuroblastoma
SK-N-AS cells (SK) as a positive control (A). Bar graphs showing changes in the relative gene expression
of Syn (B) and CgA (C) in A549 cells with or without neuroendocrine differentiation (n = 3; * p < 0.05).
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2.2. CD68+ Monocyte Levels Increase and CD4+ T Cells Decrease in Mice Immunized with
A549 Cells, whereas Double Positive CD4+CD8+ T Cells Increase in Mice Immunized with
A549NED Cells

Cell populations within PBMCs were analyzed with flow cytometry. An antibody
against CD68 was used to identify monocytes, a population of cells that establishes in the
tissues as macrophages after circulating through the vasculature. Anti-CD4 and anti-CD8a
antibodies were used to differentiate populations between helper and cytotoxic T cells,
respectively. Finally, CD335 was used to identify NK cells—cytotoxic members of the innate
immune system that play a pivotal role in protecting the body against cancer.

The analysis showed that, in mice immunized with undifferentiated A549 cells, the per-
centage of circulating monocytes increased compared to the control group, while monocytes
in mice immunized with A549NED cells remained at baseline levels (Figure 3A). Statistical
analysis showed that there was a significant difference between the groups (p = 0.0045),
while the mice immunized with PBS and A549NED were statistically identical.
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Figure 3. Changes in PBMC profiles after immunization. Flow cytometric analysis of PBMC samples
obtained from the different groups of mice, targeting CD68 (a monocyte/macrophage cellular marker),
CD4 (a co-receptor for the T cell receptor and specific marker of T helper cells), CD8a (a co-receptor
for the T cell receptor and specific marker of cytotoxic T cells), and CD335 (a cytotoxicity-activating
receptor that mediates tumor cell lysis and distinguishes NK cells from other populations). The bar
graphs show the percentage of CD68+ (A), CD4+ (B), CD8+ (C), double positive CD4+/CD8+ (D),
and CD335+ (E) cells in PBMCs from the different groups of mice. Results are presented as the
mean ± SEM (n = 4, ** p < 0.01, * p < 0.05, # p < 0.1).

In mice that were immunized with undifferentiated A549 cells, the percentage of
CD4+ T lymphocytes decreased compared to the group immunized with A549NED cells
(Figure 3B). Statistical analysis showed a significant difference between the immunized
groups (p = 0.0217). Again, the data indicated that there was no statistically significant
difference between the groups immunized with PBS and A549NED cells.

Unexpectedly, cytometric analyses targeting CD8a showed that, in both groups of
immunized mice, the percentage of CD8+ T lymphocytes remained the same as in the
control group (Figure 3C). Statistical analysis did not show differences between groups.

In mice that were immunized with differentiated A549NED cells, the percentage of
CD4+/CD8+ double-positive T lymphocytes increased compared to the control group
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injected with PBS (Figure 3D). Statistical analysis showed a quasi-significant difference
between the A549NED and PBS groups (p = 0.0988), whereas the data indicated that there
was no significant difference between the PBS and A549 groups.

Finally, mice that were immunized with either undifferentiated or neuroendocrine
A549 cells had more circulating NK cells compared to the control group (Figure 3E). The
data indicated that there was no statistically significant difference between the groups
immunized with A549 and A549NED cells.

Figure 4 shows representative individual PBMC samples from immunized mice,
showing a decrease in CD4+ T cells in those immunized with A549 cells (Figure 4B, Q1),
and an increase in CD4+CD8+ double-positive T cells in mice injected with neuroendocrine
cells (Figure 4C, Q2).
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Figure 4. Changes in T cell populations. Flow cytometer results from individual samples are
presented; dot plots were generated from a mouse injected with PBS (A), A549 cells (B), and A549NED

cells (C). Q1 contains CD4-positive cells, Q2 contains CD4/CD8 double-positive cells, Q3 encompasses
CD8 positive cells, and Q4 includes cells that are negative for both CD4 and CD8.

2.3. IL-2 Increases in Mice Immunized with A549 Cells, whereas IL-10 Decreases in Mice
Immunized with A549NED Cells and IFN-γ Stays the Same in All Groups

To identify a systemic inflammatory profile in the immunized mice, cytokine levels in
serum and plasma were determined with ELISA, measuring IL-2 and IFN-γ, associated with
pro-inflammatory activity, and IL-10, commonly associated with anti-inflammatory activity.

Fourteen days after the first immunization, there were no statistical differences in IL-2,
IL-10, and IFN-γ levels between the groups (Figure 5). However, 21 days after the first
immunization, there was a significant difference (p = 0.0165) between the concentration of IL-
2 in the group of mice immunized with PBS (106.66 pg/mL) and the group immunized with
A549 cells (260.07 pg/mL) (Figure 5A). Surprisingly, IFN-γ levels showed no differences
between groups even after 21 days (Figure 5B). Interestingly, 21 days post-immunization,
IL-10 levels decreased significantly in mice immunized with A549NED cells, averaging
9.223 pg/mL, as opposed to the control group and mice immunized with A549 cells, with
means of 22.61 and 32.35 pg/mL, respectively (Figure 5C).
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Figure 5. Cytokine levels in immunized mice. The bar graphs show IL-2 (A), IFN-γ (B), and IL-10 (C)
levels 14 and 21 days after the first immunization; data are shown in pg/mL (n = 4, * p < 0.05).

2.4. PBMCs Exert Cytotoxic Activity on A549 Cells, but They Lose This Capacity when
Confronted with A549NED Cells

To determine whether PBMCs could kill A549 or A549NED cells ex vivo, we cocultured
them and then we measured the cell viability of both cancer and mononuclear cells.

When undifferentiated A549 cells were cocultured with phytohemagglutinin (PHA)
pre-activated PBMCs, A549 cells decreased by 21.2% compared to the negative control
without coculture (Figure 6A). Data analysis showed that this difference was statistically
significant (p = 0.028). Coculture of A549 cells with PBMCs without pre-activation was also
evaluated; however, in this case, the number of cancer cells stayed the same as the control
group (Figure 6A). This means that only PHA-activated PBMCs could kill A549 cells.

In contrast to what was observed for undifferentiated A549 cells, when coculturing
A549NED cells with PHA pre-activated PBMCs, neuroendocrine cancer cell number did not
decrease; interestingly, it increased by 10.16% compared to control cells (Figure 6B).

These results imply that PBMCs cannot kill adenocarcinoma cells with a neuroen-
docrine phenotype, contrary to those in their undifferentiated state. Also, interactions
between the different cell types in the coculture somehow promoted the proliferation of
cells that remained without terminal differentiation.
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Figure 6. Adenocarcinoma and mononuclear cells after cocultures. The number of A549 (A) and
A549NED (B) cells is expressed as a percentage relative to the negative control—cells without cocul-
ture. Cells were cocultured at a 1:2 ratio (A549:PBMC) with or without PBMC pre-treatment using
phytohemagglutinin (PHA). Untreated (C) or PHA-activated (D) PBMC number after coculture with
A549 cells is also shown, as well as the number of untreated (E) or PHA-activated (F) PBMCs after
coculture with A549NED cells, all expressed as a percentage relative to the negative control. Cells
were cocultured at a 1:2 ratio (A549:PBMC) (n = 3, * p < 0.05, *** p < 0.001).

2.5. PBMCs Proliferate in Response to A549 Cells but Die when Cocultured with A549NED Cells

After coculturing PBMCs with A549 cells, a 36.34% increase in the number of PBMCs
could be observed (Figure 6C). Despite the percentage change between these two groups,
statistical analysis indicated that the differences were not significant. However, when
confronting PHA-activated PBMCs with A549 cells, mononuclear cell numbers increased by
111.96%; that is, the population of PBMCs doubled in the presence of A549 cells (Figure 6D).
Data analysis showed that the differences were statistically significant (p = 0.0006).

In contrast to what was observed in the previous group, when PBMCs were cocul-
tured with A549NED cells, mononuclear cells decreased by 15.51%, i.e., neuroendocrine cells
induced PBMC death (Figure 6E). Statistical analysis indicated that the difference was signif-
icant (p = 0.0329). When PHA-activated PBMCs were cocultured with A549NED cells, only
a slight decrease in cell number could be observed (Figure 6F). However, in this case, the
statistical analysis indicated that the differences observed were not statistically significant.

3. Discussion

The impact of neuroendocrine marker expression on the survival of patients with lung
cancer is still controversial. The results from different studies are conflicting: some have
found that NE differentiation has a negative impact on survival, but others have failed
to demonstrate any correlation with prognosis [14]. Nevertheless, these data are difficult
to interpret because the proportion of NE-differentiated NSCLCs varies according to the
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technique and marker used, and because the respective patient subsets were small. A
correlational study with a larger cohort and more sensitive markers (such as INSM1), are
needed to establish a substantial prognostic impact [15].

Cerasuolo stated that the ability of neuroendocrine cells to induce an ‘early onset of a
hormone-refractory status’ is intriguing and clinically relevant. Therefore, the data on the
differential pattern of immunomodulator production support the idea that immunomodu-
lators can locally act by promoting paracrine interaction with the tumor microenvironment,
generating worse prognostic outcomes for patients [16].

Monocytes are known to have a great influence on cancer progression, participating in
the antitumor response and affecting processes such as angiogenesis and metastasis [17].
Our results showed that mice immunized with A549 cells had higher levels of circulat-
ing monocytes. Even though the increase in monocyte levels has been linked to more
aggressive tumors and lower patient survival with multiple types of cancer [17–20], these
immune cells comprise heterogeneous populations whose response depends on the stim-
ulus: cancer type, tumor microenvironment, and tumor stage [21]. It is believed that the
increase in tumor-promoting monocytes and its correlation with aggressiveness derived
from their reprogramming within the tumor microenvironment, since it has been shown
that circulating monocytes—mainly non-classical ones—can produce tumoricidal factors
and pro-inflammatory cytokines, present antigens, and recruit NK cells [21–24]. In our
experimental model, tumors were not established, avoiding the circulating monocyte re-
programming. Therefore, we can assume that they had antitumor activity and responded
against cancer cells; however, more studies are needed to confirm this, including CD47
expression in cancer cells, as a surface protein that interacts with monocytes [25–27].

Regarding IL-10 levels, reports indicate that CD169+ monocytes are activated cells
that have an enhanced ability to stimulate cytotoxic activity in CD8+ T lymphocytes, and
the level of these monocytes rises in the circulation of patients producing high levels of
IL-10 [28]. Furthermore, activated classical and intermediate monocytes are among the
most important producers of IL-10 in inflammatory contexts. We could infer a relationship
between these two factors, considering that monocytes are one of the main sources of
cytokines in the blood [23,29].

IL-2 has a great activating effect on monocytes, leading them to secrete growth factors
and proinflammatory cytokines such as IL-6 [30]. Even monocyte exposure to IL-2 is
sufficient for them to exhibit microbicidal and tumoricidal activity [31]. This information
led us to suggest that the monocytes that increased in mice immunized with A549 cells had
proinflammatory and anticancer activity since in this same group there was a significant
increase in circulating IL-2 levels.

Furthermore, our results showed a significant difference in CD4+ helper T cell levels
between mice immunized with A549 and A549NED cells, identifying a higher percentage in
the latter. These cells can organize immune responses through the secretion of cytokines
by differentiating into several subtypes: the most studied Th1 and Th2, as well as Th9,
Th17, Th22, and induced Tregs [32]. However, our results point to an immunosuppressive
response induced by A549NED cells; therefore, we hypothesize that the observed CD4+

T cell increase is the result of high numbers of lymphocytes polarized both to Th2 and
induced Tregs.

For many years, T cell polarization to Th2 has been considered a promoter of tumor
development since these cells suppress the ability of lymphocytes to polarize towards a
Th1 phenotype with antitumor inflammatory activity [33–35]. On the other hand, Treg cells,
which are also positive for CD4, have immunosuppressive activity, inhibiting cytotoxic
T lymphocytes (CTLs) through molecules such as TGF-β. Studies have found an inverse
correlation between the abundance of CD4+ Tregs and inflammatory monocytes in mice [36],
which occurs with the observed monocyte increase in the group of mice immunized with
A549 cells, in which CD4+ T cells decreased.

On the other hand, our results suggest that CD4+ cells in mice immunized with
A549 cells were polarized towards a Th1 phenotype, which caused an increase in the
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cytotoxic response correlating with favorable immunological effects [37]. It is known that
Th1 lymphocytes have a great capacity to produce proinflammatory cytokines such as
IL-2, promoting the cytotoxic activity of effector cells, e.g., NK cells and CTLs [33,38].
Simultaneously, IL-2 favors Th1 polarization, creating a positive feedback loop [39]. This
agrees with our results since mice immunized with A549 cells showed elevated IL-2 levels,
and PBMCs had improved cytotoxic capacity when confronted with undifferentiated cells.

The cytotoxic activity against tumor cells is largely mediated by CD8+ CTLs, as they
can directly recognize cancer cells after antigen presentation and then induce apoptosis
through different mechanisms [40]. Therefore, we would have expected this population to
increase in mice immunized with A549 cells since this group showed a greater immune
response. However, this is not what we observed, for no differences were found in the
percentage of CD8-positive T cells between immunized groups.

Once the immune system eliminates a threat, effector T CD8+ cells contract, leaving
behind a small subset of antigen-specific memory lymphocytes, which can induce a faster
and more aggressive response to the antigen if it is ever recognized again [41]. Since we
determined cell populations only at the end of the experiment—14 days after the second
immunization—by this time the immune system may have already gotten rid of the cancer
cells, contracting effector the CD8+ T lymphocytes responsible for the cytotoxic response.

An alternative explanation for our results depends on IL-2, a protein that regulates key
aspects of CD8+ T cell biology, including survival, proliferation, differentiation, cytotoxic
activity, and memory cell generation [42]. However, it has been known for decades that this
cytokine can also have a dual effect, promoting an activation-induced cell death program
in T cells [43]. Now, recent studies have shown that continuous exposure of CD8+ T cells
to high levels of IL-2 leads to lymphocyte exhaustion, losing reactivity to cancer cells,
and therefore being unable to exert their cytotoxic function, eventually leading to their
death [44–46]. In our study, if CTLs lost their functionality throughout the experiment due
to continuous exposure to IL-2 (since its levels were high in the A549 group from day 14),
by the time of cytometric analysis, these lymphocytes would have died. To corroborate this
assumption, it would be necessary to determine leukocyte populations at different time
points, looking for the moment when clonal expansion occurs. However, it is important to
emphasize that T cell depletion mediated by IL-2 does not contradict its role in antitumor
activity, since this cytokine is essential to promote CTL activity and proliferation during
the initial stages of tumor development. Therefore, we cannot rule out that the cytotoxic
response observed in cocultures is partially mediated by CD8+ lymphocytes since the time
these cells were kept in the presence of A549 was shorter, avoiding overexposure to IL-2
and exhaustion of CTLs.

NK cells play a fundamental role in the first line of defense against cancer cells, and
their activity is regulated by multiple inhibitory and activating receptors [47]. In our
experiments, NK cell levels increased in both groups immunized with A549 cells.

We can assume that the cytotoxic effects observed in cocultures were mainly orches-
trated by NK cells since they can directly recognize and respond to a threat without the
need for antigen-presenting cells. Moreover, NK cells depend on IL-2 to expand and induce
an effector response [48] and treating them with this cytokine leads to greater cytotoxic and
antitumor activity [49]. Since mice immunized with A549 cells had a significant increase in
IL-2 levels, we believe that NK cells in these mice were able to kill cancer cells.

Furthermore, NK cells are known to produce different cytokines, such as GM-CSF,
IFN-γ, TNF-α, IL-10, IL-5, and IL-13 [50]. We did not detect higher IFN-γ levels in the A549
group, but an increase in IL-10 was observed, and although this cytokine is produced by
different cell types, NK could have been an important source of the interleukin detected.
IL-10 is a potent activator of NK cell proliferation and cytotoxic function in the presence
of IL-18, which creates a positive feedback loop [50,51]. This could be another reason for
the decreased IL-10 levels in mice challenged with A549NED cells, since these cells may
somehow activate regulatory mechanisms aimed at limiting the availability of molecules
that promote the antitumor response.
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Despite having also detected higher NK cell numbers in mice immunized with
A549NED cells, neither IL-2 nor IL-10 levels increased in this group. Both cytokines are
important in the NKs’ cytotoxic response context, and it has been reported that their pro-
liferation does not depend on IL-2, but their effector function does [52]. Therefore, this
information suggests that NK cell activity in mice immunized with A549NED was not
optimal, even if they expanded. It has been reported that by limiting IL-2 availability, Treg
cells negatively regulate NK cell activity [48], which is consistent with our assertion that
CD4+ T cells polarize towards Th2 and Tregs in this group of mice.

Finally, NK cells can be forced by cancer cells to partially lose their phenotype and
turn into myeloid suppressor cells (MDSC), contributing to immunosuppression [53].
This situation might explain the increase we observed in NK cells in the A549NED group;
however, since IL-2 is sufficient to prevent the conversion of NK to MDSC [53], this process
could not have happened in mice immunized with A549 cells, where this cytokine’s levels
increased considerably.

Other reports support the explanation of the results regarding cytokines. Chronic
inflammation and the persistent presence of proinflammatory cytokines are correlated with
a higher incidence of cancer, as well as a worse prognosis for patients [54]. In this sense,
molecules that regulate systemic inflammation are needed; thus, IL-10′s anti-inflammatory
activity would be necessary to negatively regulate immune responses [55,56]. For example,
it is known that IL-10 inhibits the proliferation of CD4+ T lymphocytes and it suppresses
the secretion of cytokines by Th1 cells, such as IFN-γ [55], which is consistent with our
results in mice that received A549 cells: high IL-10 levels, less CD4+ T cells, and no IFN-γ
increase. Therefore, high levels of IL-10 imply the presence of a physiological process aimed
at restoring homeostasis, especially if aggressive inflammatory events occurred, suggesting
that the immune response against A549 cells is regulated.

Cocultures showed that mononuclear cells were able to exert their cytotoxic effect
on A549 cells. This activity may have been mediated by all the different populations
of immune cells that comprise PBMCs. For example, monocytes can kill cells through
cytokines and phagocytosis [21,57], and given that these cells increased in mice immunized
with undifferentiated cells, we assume that they recognized and killed them. NK cells are
among the most aggressive and effective cells against cancer [52], which is why we suggest
that they also played a part in the observed cytotoxicity. Cytotoxic CD4+ and CD8+ T cells
could also have decreased the cancer cells’ viability. In addition, we observed a decrease on
the cancer cell viability observed in cocultures with PBMCs that had been pre-activated
with PHA. PHA is a lectin known for decades as a mitogenic and activation agent of T
lymphocytes triggering a cytotoxic response [58,59].

Activation of T lymphocytes before coculture seems to have been a key factor for
PBMCs to demonstrate cytotoxic activity, which makes sense considering that treating
T cells with PHA induces IL-2 production [60], an essential requirement for cytotoxic
responses. Pre-activation may have also favored the clonal expansion of antigen-specific
cells since all the components needed for this process were there from the start. We do
not rule out the possibility that by coculturing cells for a longer time, natural processes
would generate all the elements necessary to exert cytotoxic functions, producing cytokines
that allow the effector action of monocytes and NK cells, polarizing lymphocytes to a Th1
phenotype, and generating antigen-specific cytotoxic T cells.

As expected, cocultures with A549NED cells inhibited PBMCs’ cytotoxic activity, agree-
ing with our previous results that suggested that the immune response was impaired.
Interestingly, not only were mononuclear cells incapable of killing cancer cells with a
neuroendocrine phenotype; instead, the A549NED might take advantage of factors secreted
by leukocytes to promote their own growth, as is often seen in cancer patients. Altogether,
these results support the hypothesis that T cells were polarized to Th2 and Treg phenotypes
in the presence of A549NED cells since these cells can produce cytokines such as IL-4 and
IL-13 (Th2) and TGF-β (Treg), whose ability to promote cell proliferation has been widely
documented [52,61–63].
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Cocultures with A549 cells caused the proliferation of PBMCs, which was expected
considering that the activation of immune cells is normally associated with their prolifera-
tion, especially in T cells [13]. Interestingly, when PBMCs were cocultured with A549NED
cells, mononuclear cell viability decreased significantly; this implies that neuroendocrine
cancer cells could somehow induce the death of immune cells.

Figure 7 summarizes the proposed mechanisms involved in the response observed in
cell cocultures, in which the PBMCs pre-activated with PHA were able to kill only A549
cells, but not A549NED cells, which even had the ability to proliferate in the presence of
mononuclear cells.
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Figure 7. Cellular mechanisms involved in cocultures. We illustrate the mechanisms proposed to
explain our results, in which A549 cells lost viability in coculture with PHA-preactivated PBMCs,
while A549NED cells had higher viability. Our results suggest that the pre-activation of cells with PHA
caused the production of IL-2, a cytokine necessary for the activation of NK cells and monocytes,
which exerted their effector functions on A549 cells, producing more proinflammatory cytokines;
apoptosis favored the presentation of antigens mediated by monocytes and dendritic cells, allowing
the activation and clonal expansion of cytotoxic T lymphocytes, which also exerted their cytolytic
activity. A549NED cells, possibly through neurotransmitters such as serotonin and norepinephrine and
cytokines such as IL-4, caused the polarization of T cells towards Th2 and Treg, inhibiting cytotoxic
activity and secreting cytokines that favor proliferation from cancer cells, such as IL-4, IL-13, and
TGF-β [21,52,57,60–62]. Image created on BioRender.com, licensed and published under agreement
MH24DCXFXU.

Overall, our results agree with those reported by our group in 2018, where cocultures
between cytotoxic T lymphocytes (Jurkat cell line) and A549 or A549NED cells also showed
that cytotoxic activity decreases in the presence of neuroendocrine cells, but not in the
presence of undifferentiated cancer cells. Moreover, in this study, lymphocyte viability
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also decreased in the presence of A549NED cells, suggesting that neuroendocrine factors
secreted by the cells can induce immune cell death [13].

It has been demonstrated that A549 cells with neuroendocrine phenotype produce
increased levels of serotonin, while dopamine production is reduced to undetectable lev-
els [13]. This is important given that all immune cells express serotonergic and dopaminer-
gic components, responding in different ways to this neurotransmitter. Table 1 summarizes
the effect of different neurotransmitters on immune cells, proposing why neuroendocrine
cells overproduce serotonin and deplete dopamine secretion. Based on the literature, these
results led us to suggest that A549NED and other neuroendocrine cells overproduce other
immunosuppressive factors (Table 1).

Table 1. Neurotransmitters and their effect on the immune system.

Neurotransmitter Target Cell Effect Reference

Serotonin

Monocytes Loss of ability to secrete proinflammatory cytokines such as TNF-α and IL-1β [64]
Macrophages Suppresses IFN-γ-mediated phagocytosis as well as their ability to present antigens [64]

NK cells Increased proliferative and migratory capacity [64,65]

T cells Apoptosis, inhibition of PHA-mediated proliferation, reduced activation capacity, Th0
polarization towards Tregs [66–68]

Dopamine *

Monocytes Increased migration and adhesion [69]
Macrophages Increased phagocytic activity [70]

NK cells Increased cytotoxic activity against cancer cells [71,72]

T cells Inhibition of apoptosis, increased cytokine expression (TNF-α, IL-10), increased
migration and extravasation of CTLs [70]

Norepinephrine

Monocytes Impaired metabolism and cytokine production [73]
Macrophages Impaired migration [74]

NK cells Decreased activity [75]
T cells Th2 polarization of immune response [76]

Cancer cells Increased migratory potential [77]

* Acting through D1 receptors.

4. Materials and Methods
4.1. Neuroendocrine Differentiation of Lung Adenocarcinoma Cells

A549 cells (Cell Biolabs, San Diego, CA, USA) were cultured in DMEM (Gibco Thermo
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), peni-
cillin (100 IU/mL), and streptomycin (100 µg/mL) and passaged every third/fourth day
maintaining optimal confluency (~80%).

For neuroendocrine differentiation, 2.5 × 105 cells/mL were seeded in 6-well cell culture
plates, where they were incubated for 24 h. After incubation, each plate was washed twice
with 1500 µL of phosphate-buffered saline (PBS); a control group of cells was treated with
DMEM basal medium (without FBS), while the experimental group was treated with DMEM
basal medium supplemented with Forskolin (FSK) (MedChemExpress, Monmouth Junction,
NJ, USA) and 3-Isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich, St. Louis, MO, USA), both
drugs at a concentration of 0.5 mM. The two groups were treated for 96 h.

To confirm the neuroendocrine differentiation of A549 cells, they were analyzed under
an inverted microscope. Photos of the cells were taken 0, 24, 48, 72, and 96 h after starting
treatment; neurite-like processes were quantified with ImageJ’s Fiji software, using the
NeuronJ plugin, tracing all the neurites present in 10 cells from each image.

Identification of the neuroendocrine markers CgA and Syn was carried out using
RT-PCR. For this, total RNA was extracted from A549 and A549NED cells using the Direct-
zol™ RNA Miniprep kit (Zymo Research, Irvine, CA, USA) following the manufacturer’s
instructions. cDNA was synthesized using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA, USA) combining random hexamers and oligo(dT)18 as
primers. After determining nucleic acid concentration and quality, CgA, Syn, and GAPDH
were amplified with PCR using specific primers for each gene (Table 2). PCR was performed
according to the protocol described by the manufacturer of the main reagent, GoTaq Green
Master Mix (Promega, Madison, WI, USA). The reaction consisted of an initial denaturation



Int. J. Mol. Sci. 2023, 24, 990 13 of 18

step of 5 min at 95 ◦C, followed by 30 repetitions of the following cycle: denaturation
at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and extension at 72 ◦C for 60 s. Reaction
products were loaded onto a 2% agarose gel, which was run in an electrophoresis chamber
for 45 min at 80 V. Finally, the gel was stained with ethidium bromide and developed on a
UV transilluminator. Photographs of the gels were taken and analyzed with densitometry
using Bio-Rad’s Quantity One Analysis Software V 4.6.8 (Hercules, CA, USA).

Table 2. Primers used to identify neuroendocrine markers.

Gene Sequence Product (bp)

Syn Fwd: 5′-AGACAGGGAACACATGCAAG-3′
123Rev: 5′-TCTCCTTAAACACGAACCACAG-3′

CgA 1 Fwd: 5′-AACCGCAGACCAGAGGACCA-3′
102Rev: 5′-GTCTCAGCCCCGCCGTAGT-3′

GAPDH
Fwd: 5′-TTGCCCTCAACGACCACTTT-3′

120Rev: 5′-TGGTCCAGGGGTCTTACTCC-3′

1 Primer sequences obtained from [78].

4.2. BALB/c Mice Immunization

Male 10–12-week-old BALB/c mice weighing 35 ± 5 g were used in this study. All
handling, care, and use of animals for this research followed national and international
guidelines regarding animal wellbeing, and the protocol was approved by the Chemistry
Faculty Bioethics Committee from the Universidad Autónoma de Querétaro (CBQ21/125).

A total of 12 mice was divided into 3 groups (n = 4). The first group was a control,
where mice received an injection of 100 µL of PBS (vehicle). The second group was
immunized with A549 cells; in this group, mice received an injection of 5 × 105 total
cells in a final volume of 100 µL PBS. Finally, the third group was immunized with cells
differentiated to a neuroendocrine phenotype (A549NED); mice in this group received an
injection of 5 × 105 cells in a final volume of 100 µL PBS. All injections were performed
intraperitoneally. Cells were prepared for injection according to the protocol described
in [79]. This immunization was performed 2 times, with one week between each injection.
Seven days after the second immunization a blood sample was obtained through the tail
vein for further analysis. Mice were sacrificed 21 days after the first immunization (14 days
after the second immunization), recovering the blood and performing the extraction of
mononuclear cells, keeping the plasma fraction for further analysis.

4.3. PBMC Extraction and Analysis with Flow Cytometry

Mononuclear cells were isolated using Histopaque 1083 (Sigma-Aldrich, St. Louis,
MO, USA) according to the manufacturer’s instructions, using 1.5 mL of peripheral blood
diluted 1:1 in PBS. Cells were resuspended in 500 µL of RPMI-1640 for maintenance or
cytometry staining.

CD68 antibody anti-mouse coupled to PE-Vio615 (Miltenyi, Bergisch Gladbach, Ger-
many; 130-112-674), CD4 antibody anti-mouse coupled to FITC (Miltenyi, 130-120-750),
CD8a antibody anti-mouse coupled to PerCP-Vio700 (Miltenyi, 130-120-756), and CD335
antibody anti-mouse coupled to PE (Miltenyi, 130-112-201) were used for flow cytometry.
The BD Cytofix/Cytoperm™ Fixation/Permeabilization Solution Kit (BD, Franklin Lakes,
NJ, USA) was used to fix and permeabilize the cells. Washing steps and resuspension for
analysis were performed in FACS buffer (PBS/EDTA/FBS).

Flow cytometry was performed according to the manufacturer’s instructions, follow-
ing Miltenyi’s cell surface flow cytometry staining protocol for CD4, CD8a, and CD335, as
well as their intracellular flow cytometry staining protocol for CD68.
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4.4. Serum Isolation and Analysis

To isolate serum, blood samples obtained after the second immunization were diluted
1:1 in PBS. These samples were centrifuged at 1000× g for 15 min, recovering only the
upper fraction, which was stored at −70 ◦C until analysis.

ELISA kits for IL-2 (PeproTech, Cranbury, NJ, USA; 900-TM108), IL-10 (PeproTech
900-TM53), and IFN-γ (PeproTech 900-TM98) were used to determine cytokine levels in
both serum and plasma, following the manufacturer’s instructions.

4.5. Co-Cultures between PBMCs and Cancer Cells

A549 cells were seeded at a density of 1.5 × 105 cells/mL in 12-well plates and
neuroendocrine differentiation was induced as previously described. After treatment, un-
differentiated and neuroendocrine cells were washed with PBS and PBMCs were seeded at
a 1:2 ratio (A549:PBMCs). When pre-activated PBMCs were used, they were pre-incubated
for 24 h with 1.5% PHA-M in RPMI 1640. All cocultures were maintained for 24 h in RPMI
1640 medium.

Cell viability was evaluated through a colorimetric assay and by direct cell counting
with trypan blue for A549 cells and PBMCs, respectively. To do this, A549 cells were
separated from the mononuclear cells by absorbing the medium (given that PBMCs are
not adherent) and they were washed twice using PBS; then, a 1 mg/mL solution of MTT
(Sigma-Aldrich) was added inside the wells. Plates were incubated for 2 h at 37 ◦C and
then the formazan crystals were dissolved by adding isopropanol, shaking the plates for
30 min to allow their complete solubilization; finally, the absorbance was measured using
spectrophotometry at 570 nm.

To determine PBMC viability, 100 µL aliquots from the cells in suspension that were
removed by pipetting from the cocultures were diluted 1:2 in trypan blue solution (0.4%) and a
direct cell count was performed using an automated cell counter (Corning, Corning, NY, USA).

4.6. Statistical Analysis

All experiments were performed in triplicate, reporting the results as the mean ± SEM.
In the experiments where two groups were evaluated, a comparison of means was per-
formed using Student’s t-test, while in the experiments where three groups were compared,
a one-way analysis of variance (ANOVA) was performed, followed by Tukey’s test for
multiple comparisons of means. Differences with values of p < 0.05 were considered signifi-
cant; however, in flow cytometric assays, due to the small population size (n = 4) and the
complexity of the model, differences of p < 0.1 were also considered significant.

5. Conclusions

Mouse PBMCs induce A549 cell death, but they lose their cytotoxic activity when
confronted with cancer cells that have acquired a neuroendocrine phenotype. Some im-
mune cells die when confronted with A549 neuroendocrine cells, while in the presence of
undifferentiated A549 cells, mononuclear cells proliferate and become activated. In vivo
studies showed that there are significant differences between the profiles of circulating
immune cells and cytokine profiles from mice immunized with A549 cells or with A549
neuroendocrine cells. Overall, this study suggests that neuroendocrine differentiation of
lung adenocarcinoma cells induces an immunosuppressive response in mouse peripheral
blood mononuclear cells.

Author Contributions: R.F., performed in vitro and ex vivo assays and prepared the original draft;
J.E.S.-H., supervised and analyzed the reverse transcriptase polymerase chain reactions (RT-PCR);
R.E.N.-A., supervised the flow cytometry assays and corrected the manuscript; C.A., supervised
the ex vivo assays and corrected the manuscript; L.C.B., supervised the experiments, performed
the statistical analysis, provided coordination, and corrected the manuscript; I.M., conceived the
study, coordinated the research, supervised the statistical analysis, and corrected the manuscript. All
authors have read and agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2023, 24, 990 15 of 18

Funding: This research was funded by CONACyT (A1-S-25275) and by Universidad Autónoma de
Querétaro (FOPER-2021-FQU02413).

Institutional Review Board Statement: The animal study protocol was approved by the Bioethics
Committee of Universidad Autónoma de Querétaro’s Chemistry Faculty with resolution code
CBQ21/125 issued on 29 October 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge and thank Alejandra Castilla León and
María Carbajo Mata of Instituto de Neurobiología, UNAM for their technical support in laboratory
animal handling.

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

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Singh, P.; Raina, V. Lung cancer: Prevalent trends & emerging concepts. Indian J. Med. Res. 2015, 141, 5–7. [CrossRef]
3. Myers, D.J.; Wallen, J.M. Lung Adenocarcinoma. Available online: https://www.ncbi.nlm.nih.gov/books/NBK519578/ (accessed

on 18 July 2021).
4. Roviello, G. The distinctive nature of adenocarcinoma of the lung. Onco Targets Ther. 2015, 8, 2399–2406. [CrossRef]
5. Sardenberg, R.A.; Mello, E.S.; Younes, R.N. The lung adenocarcinoma guidelines: What to be considered by surgeons. J. Thorac.

Dis. 2014, 6 (Suppl. 5), S561–S5617. [CrossRef] [PubMed]
6. Linnoila, R.I.; Mulshine, J.L.; Steinberg, S.M.; Funa, K.; Matthews, M.J.; Cotelingam, J.D.; Gazdar, A.F. Neuroendocrine Differenti-

ation in Endocrine and Nonendocrine Lung Carcinomas. Am. J. Clin. Pathol. 1998, 90, 641–652. [CrossRef]
7. Sun, Y.; Niu, J.; Huang, J. Neuroendocrine differentiation in prostate cancer. Am. J. Transl. Res. 2009, 1, 148–162. [PubMed]
8. Li, Q.; Zhang, C.S.; Zhang, Y. Molecular aspects of prostate cancer with neuroendocrine differentiation. Chin. J. Cancer Res. 2016,

28, 122–129. [CrossRef] [PubMed]
9. Nelson, E.C.; Cambio, A.J.; Yang, J.C.; Ok, J.H.; Lara, P.N.; Evans, C.P. Clinical implications of neuroendocrine differentiation in

prostate cancer. Prostate Cancer Prostatic Dis. 2007, 10, 6–14. [CrossRef] [PubMed]
10. Terry, S.; Beltran, H. The many faces of neuroendocrine differentiation in prostate cancer progression. Front. Oncol. 2014, 4, 60.

[CrossRef]
11. Komiya, A.; Suzuki, H.; Imamoto, T.; Kamiya, N.; Nihei, N.; Naya, Y.; Ichikawa, T.; Fuse, H. Neuroendocrine differentiation in the

progression of prostate cancer. Int. J. Urol. 2009, 16, 37–44. [CrossRef]
12. Hu, C.D.; Choo, R.; Huang, J. Neuroendocrine differentiation in prostate cancer: A mechanism of radioresistance and treatment

failure. Front. Oncol. 2015, 5, 90. [CrossRef] [PubMed]
13. Mendieta, I.; Nuñez-Anita, R.E.; Pérez-Sánchez, G.; Pavón, L.; Rodríguez-Cruz, A.; García-Alcocer, G.; Berumen, L.C. Effect of

A549 neuroendocrine differentiation on cytotoxic immune response. Endocr. Connect. 2018, 7, 791–802. [CrossRef] [PubMed]
14. Carnaghi, C.; Rimassa, L.; Garassino, I.; Santoro, A. Clinical significance of neuroendocrine phenotype in non-small-cell lung

cancer. Ann. Oncol. 2001, 12, S119–S123. [CrossRef] [PubMed]
15. Kriegsmann, K.; Zgorzelski, C.; Muley, T.; Christopoulos, P.; Thomas, M.; Winter, H.; Eichhorn, M.; Eichhorn, F.; von Winterfeld,

M.; Herpel, E.; et al. Role of Synaptophysin, Chromogranin and CD56 in adenocarcinoma and squamous cell carcinoma of the
lung lacking morphological features of neuroendocrine differentiation: A retrospective large-scale study on 1170 tissue samples.
BMC Cancer 2021, 21, 486. [CrossRef] [PubMed]

16. Cerasuolo, M.; Paris, D.; Iannotti, F.A.; Melck, D.; Verde, R.; Mazzarella, E.; Ligresti, A. Neuroendocrine Transdifferentiation in
Human Prostate Cancer Cells: An Integrated Approach Neuroendocrine Transdifferentiation and Prostate Cancer. Cancer Res.
2015, 75, 2975–2986. [CrossRef] [PubMed]

17. Kiss, M.; Caro, A.A.; Raes, G.; Laoui, D. Systemic Reprogramming of Monocytes in Cancer. Front. Oncol. 2020, 10, 1399. [CrossRef]
18. Sanford, D.E.; Belt, B.A.; Panni, R.Z.; Mayer, A.; Deshpande, A.D.; Carpenter, D.; Mitchem, J.B.; Plambeck-Suess, S.M.; Worley,

L.A.; Goetz, B.D.; et al. Inflammatory monocyte mobilization decreases patient survival in pancreatic cancer: A role for targeting
the CCL2/CCR2 axis. Clin. Cancer Res. 2013, 19, 3404–3415. [CrossRef]

19. Shigeta, K.; Kosaka, T.; Kitano, S.; Yasumizu, Y.; Miyazaki, Y.; Mizuno, R.; Shinojima, T.; Kikuchi, E.; Miyajima, A.; Tanoguchi,
H.; et al. High Absolute Monocyte Count Predicts Poor Clinical Outcome in Patients with Castration-Resistant Prostate Cancer
Treated with Docetaxel Chemotherapy. Ann. Surg. Oncol. 2016, 23, 4115–4122. [CrossRef]

20. Feng, F.; Zheng, G.; Wang, Q.; Liu, S.; Liu, Z.; Xu, G.; Wang, F.; Guo, M.; Lian, X.; Zhang, H. Low lymphocyte count and high
monocyte count predicts poor prognosis of gastric cancer. BMC Gastroenterol. 2018, 18, 148. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.4103/0971-5916.154479
https://www.ncbi.nlm.nih.gov/books/NBK519578/
http://doi.org/10.2147/OTT.S89225
http://doi.org/10.3978/j.issn.2072-1439.2014.08.25
http://www.ncbi.nlm.nih.gov/pubmed/25349707
http://doi.org/10.1093/ajcp/90.6.641
http://www.ncbi.nlm.nih.gov/pubmed/19956427
http://doi.org/10.3978/j.issn.1000-9604.2016.01.02
http://www.ncbi.nlm.nih.gov/pubmed/27041934
http://doi.org/10.1038/sj.pcan.4500922
http://www.ncbi.nlm.nih.gov/pubmed/17075603
http://doi.org/10.3389/fonc.2014.00060
http://doi.org/10.1111/j.1442-2042.2008.02175.x
http://doi.org/10.3389/fonc.2015.00090
http://www.ncbi.nlm.nih.gov/pubmed/25927031
http://doi.org/10.1530/EC-18-0145
http://www.ncbi.nlm.nih.gov/pubmed/29700099
http://doi.org/10.1093/annonc/12.suppl_2.S119
http://www.ncbi.nlm.nih.gov/pubmed/11762337
http://doi.org/10.1186/s12885-021-08140-9
http://www.ncbi.nlm.nih.gov/pubmed/33933015
http://doi.org/10.1158/0008-5472.CAN-14-3830
http://www.ncbi.nlm.nih.gov/pubmed/26069250
http://doi.org/10.3389/fonc.2020.01399
http://doi.org/10.1158/1078-0432.CCR-13-0525
http://doi.org/10.1245/s10434-016-5354-5
http://doi.org/10.1186/s12876-018-0877-9


Int. J. Mol. Sci. 2023, 24, 990 16 of 18

21. Olingy, C.E.; Dinh, H.Q.; Hedrick, C.C. Monocyte heterogeneity and functions in cancer. J. Leukoc. Biol. 2019, 106, 309–322.
[CrossRef]

22. Hanna, R.N.; Cekic, C.; Sag, D.; Tacke, R.; Thomas, G.D.; Nowyhed, H.; Herrley, E.; Rasquinha, N.; McArdle, S.; Wu, R.; et al.
Patrolling monocytes control tumor metastasis to the lung. Science 2015, 350, 985–990. [CrossRef] [PubMed]

23. Mukherjee, R.; Kanti Barman, P.; Kumar Thatoi, P.; Tripathy, R.; Kumar Das, B.; Ravindran, B. Non-Classical monocytes display
inflammatory features: Validation in Sepsis and Systemic Lupus Erythematous. Sci. Rep. 2015, 5, 13886. [CrossRef] [PubMed]

24. Hamm, A.; Prenen, H.; Van Delm, W.; Di Matteo, M.; Wenes, M.; Delamarre, E.; Mazzone, M. Tumour-educated circulating
monocytes are powerful candidate biomarkers for diagnosis and disease follow-up of colorectal cancer. Gut 2015, 65, 990–1000.
[CrossRef] [PubMed]

25. Imam, R.; Chang, Q.; Black, M.; Yu, C.; Cao, W. CD47 expression and CD163+ macrophages correlated with prognosis of
pancreatic neuroendocrine tumor. BMC Cancer 2021, 21, 320. [CrossRef]

26. Orozco-Morales, M.; Avilés-Salas, A.; Hernández-Pedro, N.; Catalán, R.; Cruz-Rico, G.; Colín-González, A.L.; Dosal-Mancilla,
E.; Barrios-Bernal, P.; Arrieta, O. Clinicopathological and Prognostic Significance of CD47 Expression in Lung Neuroendocrine
Tumors. J. Immunol. Res. 2021, 2021, 6632249. [CrossRef]

27. Qu, S.; Jiao, Z.; Lu, G.; Xu, J.; Yao, B.; Wang, T.; Wang, J.; Yao, Y.; Yan, X.; Wang, T.; et al. Human lung adenocarcinoma CD47 is
upregulated by interferon-γ and promotes tumor metastasis. Mol. Ther. Oncolytics 2022, 25, 276–287. [CrossRef]

28. Affandi, A.J.; Olesek, K.; Grabowska, J.; Nijen Twilhaar, M.K.; Rodríguez, E.; Saris, A.; Zwart, E.S.; Nossent, E.J.; Kalay, H.; de
Kok, M.; et al. CD169 Defines Activated CD14+ Monocytes with Enhanced CD8+ T Cell Activation Capacity. Front. Immunol.
2021, 12, 697840. [CrossRef]

29. O’Connell, K.E.; Mikkola, A.M.; Stepanek, A.M.; Vernet, A.; Hall, C.D.; Sun, C.C.; Yildirim, E.; Staropoli, J.F.; Lee, J.T.; Brown, D.E.
Practical murine hematopathology: A comparative review and implications for research. Comp. Med. 2015, 65, 96–113.

30. Espinoza-Delgado, I.; Bosco, M.C.; Musso, T.; Gusella, G.L.; Longo, D.L.; Varesio, L. Interleukin-2 and human monocyte activation.
J. Leukoc. Biol. 1995, 57, 13–19. [CrossRef]

31. Bosco, M.C.; Curiel, R.E.; Zea, A.H.; Malabarba, M.G.; Ortaldo, J.R.; Espinoza-Delgado, I. IL-2 signaling in human monocytes
involves the phosphorylation and activation of p59hck. J. Immunol. 2000, 16, 4575–4585. [CrossRef]

32. Luckheeram, R.V.; Zhou, R.; Verma, A.D.; Xia, B. CD4+T cells: Differentiation and functions. Clin. Dev. Immunol. 2012, 2012,
925135. [CrossRef] [PubMed]

33. Johansson, M.; Denardo, D.G.; Coussens, L.M. Polarized immune responses differentially regulate cancer development. Immunol.
Rev. 2008, 222, 145–154. [CrossRef] [PubMed]

34. Wynn, T.A. Type 2 cytokines: Mechanisms and therapeutic strategies. Nat. Rev. Immunol. 2015, 15, 271–282. [CrossRef] [PubMed]
35. Bohner, P.; Chevalier, M.F.; Cesson, V.; Rodrigues-Dias, S.C.; Dartiguenave, F.; Burruni, R.; Tawadros, T.; Valerio, M.; Lucca,

I.; Nardelli-Haefliger, D.; et al. Double Positive CD4+CD8+ T Cells Are Enriched in Urological Cancers and Favor T Helper-2
Polarization. Front. Immunol. 2019, 10, 622. [CrossRef] [PubMed]

36. Pommier, A.; Lucas, B.; Prévost-Blondel, A. Crucial role of inflammatory monocytes in antitumor immunity. Oncoimmunology
2013, 2, e26384. [CrossRef]

37. Lee, H.L.; Jang, J.W.; Lee, S.W.; Yoo, S.H.; Kwon, J.H.; Nam, S.W.; Bae, S.H.; Choi, J.Y.; Han, N.I.; Yoon, S.K. Inflammatory cytokines
and change of Th1/Th2 balance as prognostic indicators for hepatocellular carcinoma in patients treated with transarterial
chemoembolization. Sci. Rep. 2019, 9, 3260. [CrossRef]

38. Abel, A.M.; Yang, C.; Thakar, M.S.; Malarkannan, S. Natural Killer Cells: Development, Maturation, and Clinical Utilization.
Front. Immunol. 2018, 9, 1869. [CrossRef]

39. Liao, W.; Lin, J.X.; Leonard, W.J. Interleukin-2 at the crossroads of effector responses, tolerance, and immunotherapy. Immunity
2013, 38, 13–25. [CrossRef]

40. Farhood, B.; Najafi, M.; Mortezaee, K. CD8+ cytotoxic T lymphocytes in cancer immunotherapy: A review. J. Cell. Physiol. 2019,
234, 8509–8521. [CrossRef]

41. Halle, S.; Halle, O.; Förster, R. Mechanisms and Dynamics of T Cell-Mediated Cytotoxicity In Vivo. Trends Immunol. 2017, 38,
432–443. [CrossRef]

42. Kalia, V.; Sarkar, S. Regulation of Effector and Memory CD8 T Cell Differentiation by IL-2-A Balancing Act. Front. Immunol. 2018,
9, 2987. [CrossRef] [PubMed]

43. Cheng, L.E.; Ohlén, C.; Nelson, B.H.; Greenberg, P.D. Enhanced signaling through the IL-2 receptor in CD8+ T cells regulated by
antigen recognition results in preferential proliferation and expansion of responding CD8+ T cells rather than promotion of cell
death. Proc. Natl. Acad. Sci. USA 2002, 99, 3001–3006. [CrossRef]

44. Liu, Y.; Zhou, N.; Zhou, L.; Wang, J.; Zhou, Y.; Zhang, T.; Fang, Y.; Deng, J.; Gao, Y.; Liang, X.; et al. IL-2 regulates tumor-reactive
CD8+ T cell exhaustion by activating the aryl hydrocarbon receptor. Nat. Immunol. 2021, 22, 358–369. [CrossRef] [PubMed]

45. Dolina, J.S.; Van Braeckel-Budimir, N.; Thomas, G.D.; Salek-Ardakani, S. CD8+ T Cell Exhaustion in Cancer. Front. Immunol. 2021,
12, 715234. [CrossRef] [PubMed]

46. Rha, M.S.; Shin, E.C. Activation or exhaustion of CD8+ T cells in patients with COVID-19. Cell. Mol. Immunol. 2021, 18, 2325–2333.
[CrossRef] [PubMed]

47. Hadad, U.; Thauland, T.J.; Martinez, O.M.; Butte, M.J.; Porgador, A.; Krams, S.M. NKp46 Clusters at the Immune Synapse and
Regulates NK Cell Polarization. Front. Immunol. 2015, 6, 495. [CrossRef]

http://doi.org/10.1002/JLB.4RI0818-311R
http://doi.org/10.1126/science.aac9407
http://www.ncbi.nlm.nih.gov/pubmed/26494174
http://doi.org/10.1038/srep13886
http://www.ncbi.nlm.nih.gov/pubmed/26358827
http://doi.org/10.1136/gutjnl-2014-308988
http://www.ncbi.nlm.nih.gov/pubmed/25814648
http://doi.org/10.1186/s12885-021-08045-7
http://doi.org/10.1155/2021/6632249
http://doi.org/10.1016/j.omto.2022.04.011
http://doi.org/10.3389/fimmu.2021.697840
http://doi.org/10.1002/jlb.57.1.13
http://doi.org/10.4049/jimmunol.164.9.4575
http://doi.org/10.1155/2012/925135
http://www.ncbi.nlm.nih.gov/pubmed/22474485
http://doi.org/10.1111/j.1600-065X.2008.00600.x
http://www.ncbi.nlm.nih.gov/pubmed/18363999
http://doi.org/10.1038/nri3831
http://www.ncbi.nlm.nih.gov/pubmed/25882242
http://doi.org/10.3389/fimmu.2019.00622
http://www.ncbi.nlm.nih.gov/pubmed/30984190
http://doi.org/10.4161/onci.26384
http://doi.org/10.1038/s41598-019-40078-8
http://doi.org/10.3389/fimmu.2018.01869
http://doi.org/10.1016/j.immuni.2013.01.004
http://doi.org/10.1002/jcp.27782
http://doi.org/10.1016/j.it.2017.04.002
http://doi.org/10.3389/fimmu.2018.02987
http://www.ncbi.nlm.nih.gov/pubmed/30619342
http://doi.org/10.1073/pnas.052676899
http://doi.org/10.1038/s41590-020-00850-9
http://www.ncbi.nlm.nih.gov/pubmed/33432230
http://doi.org/10.3389/fimmu.2021.715234
http://www.ncbi.nlm.nih.gov/pubmed/34354714
http://doi.org/10.1038/s41423-021-00750-4
http://www.ncbi.nlm.nih.gov/pubmed/34413488
http://doi.org/10.3389/fimmu.2015.00495


Int. J. Mol. Sci. 2023, 24, 990 17 of 18

48. Spolski, R.; Li, P.; Leonard, W.J. Biology and regulation of IL-2: From molecular mechanisms to human therapy. Nat. Rev. Immunol.
2018, 18, 648–659. [CrossRef]

49. Groth, A.; Klöss, S.; von Strandmann, E.P.; Koehl, U.; Koch, J. Mechanisms of tumor and viral immune escape from natural killer
cell-mediated surveillance. J. Innate Immun. 2011, 3, 344–354. [CrossRef] [PubMed]

50. Paul, S.; Lal, G. The Molecular Mechanism of Natural Killer Cells Function and Its Importance in Cancer Immunotherapy. Front.
Immunol. 2017, 8, 1124. [CrossRef]

51. Cai, G.; Kastelein, R.A.; Hunter, C.A. IL-10 enhances NK cell proliferation, cytotoxicity and production of IFN-gamma when
combined with IL-18. Eur. J. Immunol. 1999, 29, 2658–2665. [CrossRef]

52. Wu, Y.; Tian, Z.; Wei, H. Developmental and Functional Control of Natural Killer Cells by Cytokines. Front. Immunol. 2017, 8, 930.
[CrossRef]

53. Park, Y.J.; Song, B.; Kim, Y.S.; Kim, E.K.; Lee, J.M.; Lee, G.E.; Kim, J.O.; Kim, Y.J.; Chang, W.S.; Kang, C.Y. Tumor microenvi-
ronmental conversion of natural killer cells into myeloid-derived suppressor cells. Cancer Res. 2013, 73, 5669–5681. [CrossRef]
[PubMed]

54. Coussens, L.M.; Zitvogel, L.; Palucka, A.K. Neutralizing tumor-promoting chronic inflammation: A magic bullet? Science 2013,
339, 286–291. [CrossRef] [PubMed]

55. Oft, M. IL-10: Master switch from tumor-promoting inflammation to antitumor immunity. Cancer Immunol. Res. 2014, 2, 194–199.
[CrossRef] [PubMed]

56. Ouyang, W.; O’Garra, A. IL-10 Family Cytokines IL-10 and IL-22: From Basic Science to Clinical Translation. Immunity 2019, 50,
871–891. [CrossRef] [PubMed]

57. Malireddi, R.; Karki, R.; Sundaram, B.; Kancharana, B.; Lee, S.; Samir, P.; Kanneganti, T.D. Inflammatory Cell Death, PANoptosis,
Mediated by Cytokines in Diverse Cancer Lineages Inhibits Tumor Growth. ImmunoHorizons 2021, 5, 568–580. [CrossRef]

58. Gibbs, J.H.; Potts, R.C.; Brown, R.A.; Robertson, A.J.; Beck, J.S. Mechanisms of phytohaemagglutinin (PHA) stimulation of normal
human lymphocytes: ‘trigger’ ‘push’ or both? Cell Prolif. 1982, 15, 131–137. [CrossRef]

59. Macian, F. NFAT proteins: Key regulators of T-cell development and function. Nat. Rev. Immunol. 2005, 5, 472–484. [CrossRef]
60. Gerosa, F.; Mingari, M.C.; Moretta, L. Interleukin-2 production in response to phytohemagglutinin is not necessarily dependent

upon the T3-mediated pathway of T-cell activation. Clin. Immunol. Immunopathol. 1986, 40, 525–531. [CrossRef]
61. Futakuchi, M.; Lami, K.; Tachibana, Y.; Yamamoto, Y.; Furukawa, M.; Fukuoka, J. The Effects of TGF-β Signaling on Cancer Cells

and Cancer Stem Cells in the Bone Microenvironment. Int. J. Mol. Sci. 2019, 20, 5117. [CrossRef]
62. Shi, J.; Song, X.; Traub, B.; Luxenhofer, M.; Kornmann, M. Involvement of IL-4, IL-13 and Their Receptors in Pancreatic Cancer.

Int. J. Mol. Sci. 2021, 22, 2998. [CrossRef] [PubMed]
63. Shi, M.; Lin, T.H.; Appell, K.C.; Berg, L.J. Cell cycle progression following naive T cell activation is independent of Jak3/common

gamma-chain cytokine signals. J. Immunol. 2009, 183, 4493–4501. [CrossRef] [PubMed]
64. Herr, N.; Bode, C.; Duerschmied, D. The Effects of Serotonin in Immune Cells. Front. Cardiovasc. Med. 2017, 4, 48. [CrossRef]

[PubMed]
65. Zimmer, P.; Bloch, W.; Kieven, M.; Lövenich, L.; Lehmann, J.; Holthaus, M.; Theurich, S.; Schenk, A. Serotonin Shapes the

Migratory Potential of NK Cells—An in vitro Approach. Int. J. Sports Med. 2017, 38, 857–863. [CrossRef] [PubMed]
66. Arreola, R.; Becerril-Villanueva, E.; Cruz-Fuentes, C.; Velasco-Velázquez, M.A.; Garcés-Alvarez, M.E.; Hurtado-Alvarado, G.;

Quintero-Fabian, S.; Pavón, L. Immunomodulatory effects mediated by serotonin. J. Immunol. Res. 2015, 2015, 354957. [CrossRef]
[PubMed]

67. Wan, M.; Ding, L.; Wang, D.; Han, J.; Gao, P. Serotonin: A Potent Immune Cell Modulator in Autoimmune Diseases. Front.
Immunol. 2020, 11, 186. [CrossRef]

68. Stefulj, J.; Jakopec, S.; Osmak, M.; Jernej, B. Serotonin and apoptosis: Studies on rat lymphocytes. Neuroimmunomodulation 2002,
10, 132–133. [CrossRef]

69. Coley, J.S.; Calderon, T.M.; Gaskill, P.J.; Eugenin, E.A.; Berman, J.W. Dopamine increases CD14+CD16+ monocyte migration and
adhesion in the context of substance abuse and HIV neuropathogenesis. PLoS ONE 2015, 10, e0117450. [CrossRef]

70. Arreola, R.; Alvarez-Herrera, S.; Pérez-Sánchez, G.; Becerril-Villanueva, E.; Cruz-Fuentes, C.; Flores-Gutierrez, E.O.; Garcés-
Alvarez, M.E.; de la Cruz-Aguilera, D.L.; Medina-Rivero, E.; Hurtado-Alvarado, G.; et al. Immunomodulatory Effects Mediated
by Dopamine. J. Immunol. Res. 2016, 2016, 3160486. [CrossRef]

71. Capellino, S.; Claus, M.; Watzl, C. Regulation of natural killer cell activity by glucocorticoids, serotonin, dopamine, and
epinephrine. Cell. Mol. Immunol. 2020, 17, 705–711. [CrossRef]

72. Zhao, W.; Huang, Y.; Liu, Z.; Cao, B.B.; Peng, Y.P.; Qiu, Y.H. Dopamine receptors modulate cytotoxicity of natural killer cells via
cAMP-PKA-CREB signaling pathway. PLoS ONE 2013, 8, e65860. [CrossRef] [PubMed]

73. Stolk, R.F.; van der Pasch, E.; Naumann, F.; Schouwstra, J.; Bressers, S.; van Herwaarden, A.E.; Gerretsen, J.; Schambergen, R.;
Ruth, M.M.; van der Hoeven, J.G.; et al. Norepinephrine Dysregulates the Immune Response and Compromises Host Defense
during Sepsis. Am. J. Respir. Crit. Care Med. 2020, 202, 830–842. [CrossRef] [PubMed]

74. Xiu, F.; Stanojcic, M.; Jeschke, M.G. Norepinephrine inhibits macrophage migration by decreasing CCR2 expression. PLoS ONE
2013, 8, e69167. [CrossRef] [PubMed]

75. Takamoto, T.; Hori, Y.; Koga, Y.; Toshima, H.; Hara, A.; Yokoyama, M.M. Norepinephrine inhibits human natural killer cell
activity in vitro. Int. J. Neurosci. 1991, 58, 127–131. [CrossRef]

http://doi.org/10.1038/s41577-018-0046-y
http://doi.org/10.1159/000327014
http://www.ncbi.nlm.nih.gov/pubmed/21576922
http://doi.org/10.3389/fimmu.2017.01124
http://doi.org/10.1002/(SICI)1521-4141(199909)29:09&lt;2658::AID-IMMU2658&gt;3.0.CO;2-G
http://doi.org/10.3389/fimmu.2017.00930
http://doi.org/10.1158/0008-5472.CAN-13-0545
http://www.ncbi.nlm.nih.gov/pubmed/23867469
http://doi.org/10.1126/science.1232227
http://www.ncbi.nlm.nih.gov/pubmed/23329041
http://doi.org/10.1158/2326-6066.CIR-13-0214
http://www.ncbi.nlm.nih.gov/pubmed/24778315
http://doi.org/10.1016/j.immuni.2019.03.020
http://www.ncbi.nlm.nih.gov/pubmed/30995504
http://doi.org/10.4049/immunohorizons.2100059
http://doi.org/10.1111/j.1365-2184.1982.tb01031.x
http://doi.org/10.1038/nri1632
http://doi.org/10.1016/0090-1229(86)90197-2
http://doi.org/10.3390/ijms20205117
http://doi.org/10.3390/ijms22062998
http://www.ncbi.nlm.nih.gov/pubmed/33804263
http://doi.org/10.4049/jimmunol.0804339
http://www.ncbi.nlm.nih.gov/pubmed/19734221
http://doi.org/10.3389/fcvm.2017.00048
http://www.ncbi.nlm.nih.gov/pubmed/28775986
http://doi.org/10.1055/s-0043-113042
http://www.ncbi.nlm.nih.gov/pubmed/28783845
http://doi.org/10.1155/2015/354957
http://www.ncbi.nlm.nih.gov/pubmed/25961058
http://doi.org/10.3389/fimmu.2020.00186
http://doi.org/10.1159/000067181
http://doi.org/10.1371/journal.pone.0117450
http://doi.org/10.1155/2016/3160486
http://doi.org/10.1038/s41423-020-0477-9
http://doi.org/10.1371/journal.pone.0065860
http://www.ncbi.nlm.nih.gov/pubmed/23799052
http://doi.org/10.1164/rccm.202002-0339OC
http://www.ncbi.nlm.nih.gov/pubmed/32520577
http://doi.org/10.1371/journal.pone.0069167
http://www.ncbi.nlm.nih.gov/pubmed/23844252
http://doi.org/10.3109/00207459108987189


Int. J. Mol. Sci. 2023, 24, 990 18 of 18

76. Martino, M.; Rocchi, G.; Escelsior, A.; Fornaro, M. Immunomodulation Mechanism of Antidepressants: Interactions between
Serotonin/Norepinephrine Balance and Th1/Th2 Balance. Curr. Neuropharmacol. 2012, 10, 97–123. [CrossRef] [PubMed]

77. Barbieri, A.; Bimonte, S.; Palma, G.; Luciano, A.; Rea, D.; Giudice, A.; Scognamiglio, G.; La Mantia, E.; Franco, R.; Perdonà, S.;
et al. The stress hormone norepinephrine increases migration of prostate cancer cells in vitro and in vivo. Int. J. Oncol. 2015, 47,
527–534. [CrossRef] [PubMed]

78. Balboa, D.; Saarimäki-Vire, J.; Borshagovski, D.; Survila, M.; Lindholm, P.; Galli, E.; Eurola, S.; Ustinov, J.; Grym, H.; Huopio, H.;
et al. Insulin mutations impair beta-cell development in a patient-derived iPSC model of neonatal diabetes. eLife 2018, 7, e38519.
[CrossRef]

79. Reuter, J. Subcutaneous Injection of Tumor Cells. Bio-Protocol 2011, 1, e166. [CrossRef]

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

http://doi.org/10.2174/157015912800604542
http://www.ncbi.nlm.nih.gov/pubmed/23204981
http://doi.org/10.3892/ijo.2015.3038
http://www.ncbi.nlm.nih.gov/pubmed/26058426
http://doi.org/10.7554/eLife.38519
http://doi.org/10.21769/BioProtoc.166

	Introduction 
	Results 
	Neuroendocrine Differentiation of A549 Lung Cancer Cells Is Induced by Treatment with cAMP-Elevating Agents 
	CD68+ Monocyte Levels Increase and CD4+ T Cells Decrease in Mice Immunized with A549 Cells, whereas Double Positive CD4+CD8+ T Cells Increase in Mice Immunized with A549NED Cells 
	IL-2 Increases in Mice Immunized with A549 Cells, whereas IL-10 Decreases in Mice Immunized with A549NED Cells and IFN- Stays the Same in All Groups 
	PBMCs Exert Cytotoxic Activity on A549 Cells, but They Lose This Capacity when Confronted with A549NED Cells 
	PBMCs Proliferate in Response to A549 Cells but Die when Cocultured with A549NED Cells 

	Discussion 
	Materials and Methods 
	Neuroendocrine Differentiation of Lung Adenocarcinoma Cells 
	BALB/c Mice Immunization 
	PBMC Extraction and Analysis with Flow Cytometry 
	Serum Isolation and Analysis 
	Co-Cultures between PBMCs and Cancer Cells 
	Statistical Analysis 

	Conclusions 
	References

