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Valproic acid inhibits interferon‑γ 
production by NK cells 
and increases susceptibility 
to Listeria monocytogenes infection
Rodolfo Soria‑Castro1, Alma D. Chávez‑Blanco2, Blanca Estela García‑Pérez1,3, 
Isabel Wong‑Baeza1, Raúl Flores‑Mejía4, Fabián Flores‑Borja5, Sergio Estrada‑Parra1, 
Iris Estrada‑García1, Jeanet Serafín‑López1* & Rommel Chacón‑Salinas1*

Valproic acid (VPA) is a drug commonly used for epileptic seizure control. Recently, it has been shown 
that VPA alters the activation of several immune cells, including Natural Killer (NK) cells, which play 
an important role in the containment of viruses and intracellular bacteria. Although VPA can increase 
susceptibility to extracellular pathogens, it is unknown whether the suppressor effect of VPA could 
affect the course of intracellular bacterial infection. This study aimed to evaluate the role of VPA during 
Listeria monocytogenes (L.m) infection, and whether NK cell activation was affected. We found that 
VPA significantly augmented mortality in L.m infected mice. This effect was associated with increased 
bacterial load in the spleen, liver, and blood. Concurrently, decreased levels of IFN‑γ in serum 
and lower splenic indexes were observed. Moreover, in vitro analysis showed that VPA treatment 
decreased the frequency of IFN‑γ‑producing NK cells within L.m infected splenocytes. Similarly, VPA 
inhibited the production of IFN‑γ by NK cells stimulated with IL‑12 and IL‑18, which is a crucial system 
for early IFN‑γ production in listeriosis. Finally, VPA decreased the phosphorylation of STAT4, p65, and 
p38, without affecting the expression of IL‑12 and IL‑18 receptors. Altogether, our results indicate that 
VPA increases the susceptibility to Listeria monocytogenes infection and suggest that NK cell is one of 
the main targets of VPA, but further work is needed to ascertain this effect.

Valproic acid (VPA) is a drug approved for the control of neurological disorders including epilepsy, bipolar 
disorder, anxiety crisis, depression, schizophrenia, post-traumatic stress and  migraine1. The effects of VPA on 
these conditions are due to its ability to increase the levels of gamma-aminobutyric acid (GABA), norepineph-
rine, dopamine and serotonin; and its ability to block voltage-dependent sodium  channels2. Several clinical 
trials have also shown that VPA modifies epigenetic regulation and can be used in the control of different types 
of  neoplasms3. Through its function as histone deacetylase inhibitor (HDACi), VPA affects the expression of 
genes involved in DNA repair, cell cycle and  apoptosis4. Other studies have revealed the anti-inflammatory 
ability of VPA, by selectively decreasing the production of cytokines in different models of acute or chronic 
exacerbated  inflammation5. In fact, VPA can suppress various functions of innate and adaptive immune cells, 
such as  macrophages6, mast  cells7, dendritic cells (DC)8,  neutrophils9, natural killer (NK)  cells10, γδ T  cells11, 
B  cells12, cytotoxic T  cells13, and T helper  cells14. The selective anti-inflammatory effects of VPA, suggest this 
compound could be exploited over some non-steroidal anti-inflammatory drugs (NSAIDs), which have adverse 
cardiovascular effects or induce nephrotoxicity and gastrointestinal  bleeding15.

NK cells belong to the innate immune system and through their cytotoxic activity and ability to secrete sig-
nificant amounts of IFN-γ they play a central role in the defense against intracellular pathogens and in the control 
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of  tumors16. IFN-γ activates macrophages and DC, promoting the increased expression of MHC molecules, co-
stimulatory molecules, Reactive Oxygen Species (ROS), Nitric Oxide (NO) and inducing autophagy, which is 
crucial for containment of several intracellular  pathogens17. IFN-γ production by NK cells is tightly regulated by 
IL-12 and IL-18, which are usually produced by phagocytic cells after infection with intracellular  pathogens18,19.

Listeriosis is a foodborne disease caused by Listeria monocytogenes (L.m), an intracellular Gram-positive 
 bacteria20. Early control of L.m infection relies on IFN-γ  production21,22. Although IFN-γ is produced by several 
cell types during L.m infection, they vary throughout the course of  infection23. In this regard, previous studies 
have shown that NK cells are a major source of this cytokine in the early stages of  listeriosis24,25. In vitro studies 
have shown that IFN-γ production by NK cells depends on IL-12 and IL-18 released by L.m-infected phagocytic 
 cells18,26. Remarkably, previous reports have shown that VPA interferes with NK cell activation, decreasing their 
cytotoxic capacity and in vitro IFN-γ production in response to IL-12, IL-15 and IL-1810,27. Therefore, in this 
study, we analyzed whether VPA increased the susceptibility to L.m infection in vivo and whether VPA altered 
in vitro IFN-γ production by NK cell in a mouse model of L.m infection.

Results
Valproic acid increases the susceptibility to Listeria monocytogenes in vivo. VPA can dampen 
the immune response to several pathogens by interfering or hindering the activation of relevant immune  cells5. 
To determine if these effects are observed during murine listeriosis, BALB/c mice were inoculated with VPA 
15 min before infection with L.m. We observed that VPA-treated mice have a more pronounced decrease in 
weight at 24 and 48 h post-infection (hpi) (p < 0.001) (Fig. 1A,B) and increased mortality to L.m infection when 
compared with those infected mice that received saline solution (s.s.) (p < 0.0001) (Fig. 1C). Furthermore, VPA-
treated mice showed increased bacterial load 24 and 48 hpi in the spleen (p < 0.01, 24 hpi; p < 0.001, 48 hpi; 

Figure 1.  Valproic acid increases susceptibility to in vivo infection by Listeria monocytogenes. BALB/c mice 
were treated with VPA (500 mg/Kg) or s.s 15 min before infection with 2.5 × 105 CFU L.m i.p. (A) mice weight 
(g) at 24 and (B) mice weight at 48 hpi (***p < 0.001, VPA + L.m vs s.s + L.m groups at 24 and 48 hpi). Data are 
expressed as adjusted means in grams (g) with 95% confidence intervals; one way-ANCOVA. (C) Kaplan–Meier 
mouse survival curves after L.m infection (****p < 0.0001, VPA + L.m vs s.s + L.m groups). n = 9–14 per group.
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Fig. 2A), liver (p < 0.05, 24 hpi; p < 0.01, 48 hpi; Fig. 2B) and blood (p < 0.05, 24 and 48 hpi; Fig. 2C) in relation to 
infected mice that received s.s. 

Increased bacterial load in mice could be the result of VPA directly promoting bacterial replication or through 
alterations in the host immune response. To discern between these two possibilities, L.m was grown in BHI broth 
in presence or absence of VPA, and at different times bacterial growth was evaluated through Colony Formation 
Unit (CFU) assay. We observed that VPA did not promote bacterial growth in vitro at any time point evaluated, 
but instead inhibited bacterial growth (p < 0.001) (Fig. 3A). Next, we evaluated if splenomegaly, an indicator of 
immune system activation in L.m  infection28, was affected by VPA. We noticed that 24 hpi VPA-treated mice 
showed a decreased splenic index in comparison with infected mice that received s.s (p < 0.001) (Fig. 3B), sug-
gesting that VPA hinders the host immune response.

Cytokines play a crucial role in the control of L.m infection, and in particular IFN-γ and TNF-α are associated 
with infection  control23. Therefore, we investigated whether VPA affects serum levels of IFN-γ and TNF-α in L.m 
infected mice. Interestingly, we noticed that 24 and 48 hpi VPA induced a significant reduction in IFN-γ levels in 
serum in comparison with infected mice that received s.s (p < 0.001) (Fig. 4A). However, we observed that VPA 
did not modify TNF-α induced by L.m at 24 hpi but induced an increase at 48 hpi (p < 0.05; Fig. 4B). Because 
IL-12 is crucial for early IFN-γ production in L.m  infection29, we evaluated whether VPA altered its production. 
Remarkably, we observed that VPA did not modify IL-12p70 induced by L.m at 24 or 48 hpi (Fig. 4C). On the 
other hand, IL-10 is a strong inhibitor of IFN-γ production in L.m  infection30, we next evaluated if VPA treat-
ment favored IL-10 production during L.m infection. We noticed that L.m infection was unable to induce IL-10 
production at 24 or 48 hpi, and VPA did not affect IL-10 at these time points (Fig. 4D). These findings indicate 

Figure 2.  Valproic acid increases the bacterial load in the spleen, liver and blood of mice infected with Listeria 
monocytogenes. Bacterial load in the (A) Spleen of BALB/c mice infected with 2.5 × 105 CFU L.m following 
treatment with VPA (500 mg/Kg) or s.s (n = 11 per group; **p < 0.01 at 24 hpi and ***p < 0.001 at 48 hpi). (B) 
Liver (n = 4 per group; *p < 0.05 at 24 hpi and **p < 0.01 at 48 hpi) and (C) Blood (n = 4 per group; *p < 0.05 at 24 
and 48 hpi). Data are expressed as median and range; Kruskal–Wallis.
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a cytokine-specific effect of VPA compromising early IFN-γ production, that is associated with a poor bacterial 
control and increased susceptibility to L.m infection in BALB/c mice.

Valproic acid inhibits IFN‑γ production by NK cells during in vitro infection with Listeria mono‑
cytogenes. Mouse spleen is a target organ of L.m infection and several spleen lymphoid populations have 
been identified to produce IFN-γ in the early phase of  infection24,25. We next determined if VPA could affect 
splenocyte production of IFN-γ induced by L.m in vitro. To this end, BALB/c splenocytes were treated with 
2 mM VPA, a concentration that does not affect cellular viability (Fig. S1), for 1 h and infected with 0.1 MOI L.m 
during 24 h. We noticed that VPA inhibited IFN-γ production induced by L.m infection in relation to spleno-
cytes stimulated only with the bacterium (p < 0.001) (Fig. 5A).

To identify the main cell population involved in IFN-γ production after L.m infection, first we evaluated by 
flow cytometry the time at which the maximum percentage of IFN-γ-producing cells were induced. We found 
that 18 hpi, the highest percentage of IFN-γ-producing cells was observed (Fig. S2). Next, we determined by 
flow cytometry which cell populations produced IFN-γ at this point (Fig. S3). We observed that within spleno-
cytes infected with L.m, NK, NKT, Tγδ, T CD4 + , but not CD8 + , IKDC or B cells induced IFN-γ production 
(Table S1).

Furthermore, among lymphoid cells, NK cells were the main population that produced IFN-γ (Fig. 5B). 
Interestingly, VPA treatment significantly ablated IFN-γ producing NK cells induced by L.m infection in vitro 
(p < 0.001) (Fig. 5C,D). These results demonstrate that VPA negatively impacts the production of IFN-γ by NK 
cells upon in vitro infection with L.m.

Valproic acid reduces IFN‑γ production by NK cells in response to IL‑12 and IL‑18. IL-12 and 
IL-18 are produced during infectious processes and both play a crucial role in early IFN-γ  production31,32. Dur-
ing in vitro infection with L.m, IL-12 and IL-18 are secreted by infected phagocytic cells, which then activate 
IFN-γ production by NK  cells18,26. Previous studies have shown that VPA decreases IFN-γ production of human 
and C57BL/6 mouse NK cells treated with IL-12, IL-15 and IL-18, alone or in  combination10,27. Therefore, we 
evaluated whether VPA affected IFN-γ production by splenic NK cells from BALB/c mice upon stimulation with 
IL-12 plus IL-18. We observed that purified NK cells treated for 1 h with 2 mM VPA drastically reduced IFN-γ 
production upon stimulation with IL-12 plus IL-18 (p < 0.001) (Fig. 6A). As VPA can affect the expression of 
activating receptors on the membrane of several immune  cells5, we evaluated whether VPA affected the expres-
sion of IL-12 and IL-18 receptors on NK cells. We noticed that VPA did not induce a significant reduction in 
the expression of both receptors on NK cells (Fig. 6B,C). These results indicate that the decreased production of 
IFN-γ by NK cells stimulated with IL-12 plus IL-18 does not depend on variations in their receptors expression 
level.

A second mechanism that VPA employs to inhibit immune cell activation is through altering the cell signal-
ing pathways of different activating receptors in immune  cells5. Here we evaluated whether the activation of 
key cell signaling molecules induced by IL-12 and IL-1819,33 was inhibited by VPA. NK cells treated with VPA 
showed lower levels of phosphorylated -STAT4 (p < 0.01) (Fig. 7A), -p65 (p < 0.01) (Fig. 7B) and -p38 (p < 0.01) 
(Fig. 7C) upon stimulation with IL-12 and IL-18. These results indicate that VPA inhibits IFN-γ production by 
NK cells through suppressing the activation of critical cell signaling proteins in the IL-12R and IL-18R pathways.

Figure 3.  Valproic acid inhibits early splenomegaly during Listeria monocytogenes infection. (A) L.m were 
cultured in BHI broth in presence or absence of 52 mM VPA and bacterial viability was evaluated at different 
times by CFU assay (n = 3 per group; ***p < 0.001). Data are expressed as mean ± s.e.m; two way-RM ANOVA 
(B) BALB/c mice were treated with VPA (500 mg/Kg) or s.s 15 min before infection with 2.5 × 105 CFU L.m. 24 
and 48 hpi the splenic index was evaluated (n = 15 per group; ***p < 0.001, VPA + L.m vs s.s + L.m groups at 24 h; 
N.S., Not Significant). Data are expressed as mean ± s.e.m; two-way ANOVA.
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Altogether, these results show that VPA increases the susceptibility to L.m infection by decreasing IFN-γ 
production. Our in vitro findings suggest that this effect may be explained by an impairment of the IL-12 and 
IL-18 signaling pathways required for IFN-γ production by NK cells.

Discussion
NK cells play a crucial role in the innate immune response to tumors and different types of pathogens, including 
 bacteria16. Two main effector functions are associated to this purpose: granule mediated cytotoxicity and the 
production of different cytokines and chemokines that maintain  inflammation34. In particular, NK cell-derived 
IFN-γ plays a crucial role for the modulation of macrophages, dendritic cells and T cell polarization toward a 
Th1 profile, which contribute to pathogen  control35.

VPA exerts modulatory effects on several immune cells, including NK cell activation by IL-12, IL-15 and 
IL-1810,27, which is crucial step in the early immune response to  pathogens19. In this study, we demonstrate that 
VPA affects the susceptibility of BALB/c mice to L.m infection, by interfering with key elements of the immune 
response, such as IFN-γ production which then favors an increased bacterial load in target organs.

This result is in agreement with the role of VPA in other in vivo models of infectious diseases like Klebsiella 
pneumoniae and Candida albicans, where the innate immune response mediated by phagocytic cells was  altered8. 
Interestingly, in vitro models of infections have reported contrasting results. For instance, VPA treatment results 
in higher replication in macrophages of Staphylococcus aureus and Escherichia coli6, while in Mycobacterium 
tuberculosis infection VPA inhibits intracellular growth in  macrophages36.

Although macrophages are central in the immune response to L.m, we focused our study in the analysis of 
IFN-γ production, because this cytokine plays a critical role in the early control of  infection21,22, it was severely 
affected by VPA and the diminished IFN-γ production was associated with poor control in bacterial load.

Figure 4.  Valproic acid decreases IFN-γ serum levels during Listeria monocytogenes infection in vivo. BALB/c 
mice were treated with VPA (500 mg/Kg) or s.s 15 min before infection with 2.5 × 105 CFU L.m i.p. 24 and 48 
hpi the cytokines (A) IFN-γ (***P < 0.001, VPA + L.m vs s.s + L.m groups at 24 and 48 hpi), (B) TNF-α (*P < 0.05, 
VPA + L.m vs s.s + L.m groups at 48 hpi), (C) IL-12p70 and (D) IL-10 were evaluated in serum by ELISA. (n = 11 
per group; N. S., Not Significant). Data are expressed as median and range; Kruskal–Wallis.
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Interestingly, in our study, VPA effect was cytokine specific as IFN-γ decrease in mice sera was not associated 
with decreased expression of cytokines that regulate IFN-γ production, such as IL-12, TNF-α and IL-1023,30. 
The response to VPA varies in other inflammation models, for instance, it promotes an anti-inflammatory envi-
ronment mediated by increased IL-10 production in a model of ischemia/reperfusion  injury37; reduces serum 
IL-12p40 levels in the Pam3csk4-induced toxic shock  model8; and strongly decreases TNF-α levels in bronchial-
alveolar lavage in a LPS-induced acute lung damage  model38. Contrasting with these results, VPA is unable to 

Figure 5.  Valproic acid inhibits IFN-γ-producing NK cells during Listeria monocytogenes infection in vitro. 
1 × 106 Splenocytes from healthy BALB/c mice were pre-incubated 1 h with VPA and then co-cultured with 
L.m at a MOI of 0.1:1. (A) IFN-γ level in cell supernatants was evaluated by ELISA 24 hpi n = 9 per group; 
***p < 0.001 VPA + L.m vs L.m groups; Untr., Untreated cells). (B) Splenocytes were infected with L.m 
and 18 hpi cells were stained and analyzed by flow cytometry. Graph depicts the fold increase in numbers 
of IFN-γ producing cells upon infection with L.m, compared to uninfected cultures. The box shows the 
statistical significance between different immune cell populations compared to NK cells. (n = 6 per group). (C) 
Representative flow cytometry zebra-plots showing the frequency of CD3-CD49b + IFN-γ producing NK cells. 
Splenocytes were left uninfected, treated with VPA only or infected with L.m in presence or absence of VPA. 
(D) Percentage of IFN-γ + NK cells. (n = 6 per group; ***p < 0.001 between VPA + L.m vs L.m groups; Untr., 
Untreated cells). Data are expressed as median and range; Kruskal–Wallis.
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Figure 6.  Valproic acid decreases IFN-γ production by NK cells induced by IL-12 and IL-18. (A) 5 × 104 purified spleen NK 
cells from were pre-incubated 1 h with VPA (2 mM) and then stimulated with IL-12 (20 ng/mL) plus IL-18 (100 ng/mL) 
for 18 h. IFN-γ levels were evaluated in culture supernatants by ELISA (n = 10 per group; ***p < 0.001, VPA + IL-12/IL-18 vs 
IL-12/IL-18 groups). NK cells were treated or not with VPA for 19 h and the expression of (B) IL-12Rβ2 and (C) IL-18Ra was 
evaluated by flow cytometry. The histograms show representative examples of IL-12Rβ2 and IL-18Ra expression in untreated 
or VPA-treated NK cell. Dotted line represents an isotype control (I.C.). The graphs show the mean fluorescence intensity 
(MFI). (n = 6 per group; N.S., Not Significant; Untr., Untreated cells). Data are expressed as median and range; Mann Whitney 
or Kruskal–Wallis, as appropriate.
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Figure 7.  Valproic acid affects cell signaling induced by IL-12 and IL-18 in NK cells. 5 × 104 splenic NK cells 
from BALB/c mice were cultured with VPA for 1 h and then stimulated with IL-12 plus IL-18 for different times 
to determine the phosphorylation of (A) STAT4 at 15 min, (B) p65 at 30 min and (C) p38 at 60 min by flow 
cytometry. The histograms show representative examples of levels of phosphorylated STAT4, p65 and p38 under 
the different stimulation conditions. The graphs show the fold change in mean fluorescence intensity (ΔMFI) 
compared to unstimulated NK cells. (n = 7–8 per group; **p < 0.01 (STAT4), **p < 0.01 (p65) and **p < 0.01 (p38), 
VPA + IL-12/IL-18 vs IL-12/IL-18 groups; Untr., Untreated cells). Data are expressed as median and range; 
Kruskal–Wallis.
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decrease serum TNF-α levels in the CLP-induced septic encephalopathy  model39. These studies suggest that VPA 
modulates cytokine environment in a specific manner depending on the activation signals.

Several innate immune cells have been identified to produce IFN-γ during L.m  infection23. Here we noticed 
that NK cells were the main producers when spleen cells were infected with L.m in vitro, as it has been previ-
ously described in C57BL/6  mice24,25. Remarkably, in this in vitro system VPA reduced the percentage of IFN-
γ-producing NK cells suggesting they are the target of this drug during L.m infection. However, it must be 
remarked that several studies have shown that NK cells can be detrimental to the control of L.m  infection40–42. 
NK cells are only one of many cell populations producing IFN-γ at early times, although this effect wanes at later 
 times42, and other immune cell populations are equally or more relevant than NK cells in maintaining IFN-γ 
production in vivo at later stages of  infection43,44. The relevance of the observed in vitro effect of VPA on NK 
cells needs to be further characterized in vivo, in order to discern whether it could affect other IFN-γ producing 
cells during L.m infection.

IFN-γ production by NK cells relies on signals by IL-12 and IL-18 produced by phagocytic cells infected with 
L.m18,26. VPA was able to block IFN-γ release by NK cells when activated with IL-12 and IL-18 without affect-
ing their receptor expression. This result diverges with the effect of Trichostatin A (TSA), a different HDACi, 
that inhibits the transcription of IL-2, IL-12, IL-15 and IL-18 receptors in NK  cells27. This dissimilarity could be 
explained by differences in the specificity and affinity for HDACs between VPA and  TSA45.

Because cytokine receptors were not affected by VPA, we evaluated whether cell signaling was affected. IL-12 
classical signaling pathway promotes the phosphorylation and dimerization of STAT4, while IL-18 promotes 
NF-κB activation and the MAPK  pathway19. Furthermore, the synergistic effect of IL-12 and IL-18 in IFN-γ 
production is due to p38 phosphorylation, which stabilizes IFN-γ  mRNA33. Interestingly, we found that VPA 
decreased the phosphorylation of p65 (NF-κB), STAT4, and p38. To the best of our knowledge, this is the first 
report that shows that STAT4 activation is targeted by VPA. Moreover, a recent study showed that STAT4-defi-
cient mice are more susceptible to L.m infection, with a decreased IFN-γ production and an increased bacterial 
 load46. Whether VPA alters STAT4 activation in NK cells or other IFN-γ producing cells during L.m infection 
in vivo needs to be explored.

Previously, Alvarez et al. showed that VPA inhibited STAT5 phosphorylation in NK cells stimulated with 
IL-12, IL-15 e IL-1810. STAT5 plays a crucial role in cell signaling of IL-15  receptor47. How VPA inhibits STAT 
activation is unknown. One possibility is that VPA, through its HDACi activity, alters STAT acetylation which 
is tightly regulated by histone acetyl transferases, histone deacetylases and sirtuins. Interestingly, STAT acetyla-
tion plays a crucial role for STAT activation and  phosphorylation48. Whether STAT4 activation is regulated by 
acetylation needs to be further analyzed.

Several reports have shown the effect of HDCAi on NF-κB activity, for instance: VPA has an inhibitory effect 
on NF-κB activation in human NK cells stimulated with IL-249; and TSA reduced NF-κB translocation to the 
nucleus in NK cells stimulated with IL-12, IL-15 and IL-1827. Furthermore, VPA is able to inhibit NF-κB activa-
tion in other cell populations, like  monocytes50,  macrophages51, dendritic  cells52,  fibroblast53 and epithelial  cells54.

Interestingly, the effect of VPA on p38 activation is controversial. Previous work on RAW 264.7 macrophages 
showed that VPA decreases p38  phosphorylation55, while in other reports, VPA activated p38 in microglia  cells56, 
brain endothelial  cells57, and retinal pigment epithelial  cells58. These studies indicate that VPA modulates the 
activation of p38 depending on the cell lineage.

Our results suggest that VPA could be used to target NK cells in pathological injury. In fact, VPA has shown 
promising effects in down-modulating inflammation in different pathological models such as during intestinal 
injury, autoimmune encephalomyelitis and acute allograft  rejection14,59,60. Interestingly, NK cells are associated 
with a number of inflammatory pathologies such as type1  diabetes61,  psoriasis62, lichen  planus63, rheumatoid 
 arthritis64, periodontal  disease65, chronic obstructive pulmonary  disease66,  atherosclerosis67, among others. The 
main pathological mechanism associated with the aforementioned inflammatory conditions is an exacerbated 
IFN-γ production by NK cells. Further studies are required to ascertain whether VPA could be used as a thera-
peutic drug to target NK cell activation and treat those pathologies.

Despite the potential therapeutic use of VPA as an anti-inflammatory agent is quite attractive, it also needs 
to be considered that VPA treatment could increase the susceptibility of patients to infections with L.m or other 
infectious agents such as the opportunistic extracellular pathogens Klebsiella pneumoniae and Candida albicans8. 
To the best of our knowledge, an association between the treatment with VPA and an increased incidence of 
infections has not been described, but further studies are required, in particular in L.m susceptible patients, 
like infants, elderly, pregnant women, immunocompromised subjects, diabetics, cancer patients, autoimmune 
diseases patients, and  alcoholics68.

In conclusion, our study shows that VPA increases susceptibility to Listeria monocytogenes infection by 
decreasing IFN-γ production. In addition, our in vitro findings suggest that this effect may be partially explained 
by an impairment of the IL-12 and IL-18 signaling pathways required for IFN-γ production by NK cells during 
L.m infection (Fig. 8).

Methods
Mice. Female BALB/c mice aged 5–6 weeks with a weight of 18–19 g were provided by UPEAL, UAM, Mex-
ico. All animals were housed under standard conditions and had access to water and food ad libitum. All experi-
ments were reviewed and approved by the Research Ethics Committee of the ENCB, IPN. (ZOO-017-2019) in 
accordance to Mexican regulations.
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Ethical approval. All methods were carried out in accordance to Mexican relevant guidelines and regula-
tions. All animal procedures were reviewed and approved by the Research Ethics Committee of the ENCB, IPN 
(ZOO-017–2019).

Listeria monocytogenes. L.m strain 1778 + H 1b (ATCC 43249, USA, Manassas, VA, USA) was cultured 
in brain heart infusion broth (BHI, BD-Difco, USA) for 18 h at 37  °C with constant shaking. Cultures were 
washed with Hanks Balanced Saline Solution (HBSS) (Life Technologies, USA) and bacterial pellets resus-
pended in RPMI-1640 GlutaMAX (Life Technologies, USA) supplemented with 40% Fetal Bovine Serum (Life 
Technologies, USA) and frozen at − 70 °C until use. Bacterial viability was determined after serial dilutions and 
seeding in BHI agar plates, which were incubated at 37 °C for 18–24 h.

In vivo infection. All mice were randomly assigned to one of the following groups: (1) saline group, animals 
were administered sterile saline solution (s.s) (PiSA, Mexico); (2) VPA group, animals were administered valp-
roic acid (VPA) (Depakene; Abbott, USA) at 500 mg/kg in s.s; (3) L.m group, animals were treated with s.s. and 
15 min later infected with 2.5 × 105 CFU L.m in s.s; (4) VPA + L.m group, animals were treated with VPA and 
15 min later infected with L.m. VPA, s.s, and L.m were administered intraperitoneally (i.p). The dose and time of 
VPA administration were chosen based on a mouse model of sepsis induced by puncture and ligation of cecum 
(CLP)69, and an infection model by Klebsiella pneumoniae and Candida albicans8.

Figure 8.  Valproic acid increases susceptibility to in vivo Listeria monocytogenes infection by inhibiting IFN-γ 
production and attenuates NK cell activation in vitro. VPA decreases IFN-γ production by NK cells in response 
to IL-12 and IL-18 produced by phagocytic cells in the context of L.m infection (upper-left panel). Without 
compromising the expression of IL-12 and IL-18 receptors, VPA inhibits the activation of STAT4, p38 and p65, 
all critical proteins downstream the IL-12 and IL-18 receptors signaling pathways (lower-left panel). The overall 
effect in vivo is a decreased level of IFN-γ in infected mice, promoting an increased bacterial load in spleen, liver 
and blood, and decreased resistance to L.m infection. Noteworthy, in this model VPA effect is cytokine specific 
as only IFN-γ expression, but not that of IL-10, IL-12 or TNF-α, was decreased (right panel). This figure was 
created with BioRender.com.
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Body weight, mice survival, bacterial load, splenic index and serum cytokines were evaluated every 24 h. The 
survival curve was stopped at 144 h hours post-infection (hpi). Survival was reported as a percentage. Mice that 
lost more than 20% of body weight were euthanized to avoid unnecessary distress.

To determine the bacterial load, L.m group and L.m + VPA group were euthanized and then, the abdominal 
and thoracic cavity were opened. 100  μL of blood was extracted by cardiac puncture and diluted with 900 μL of 
sterile water for 5 min. Spleen and liver were removed, mechanically dissociated, and added sterile water up to 
a final volume of 5 mL. Cell suspensions were homogenized and serial decimal dilutions were prepared in s.s. 
20 μL of each dilution were cultured by triplicate in BHI agar plates at 37 °C for 18–24 h. After incubation, the 
viable count of L.m was assessed. The data are expressed as CFU/organ or CFU/100 μL of blood.

Splenic index was calculated by evaluating the weight of mice at 24 and 48 h. After euthanization, spleen was 
extracted and weighed. Splenic index = [spleen weight (g)/mouse weight (g)] × 100.

For quantification of serum cytokines (IFN-γ, TNF-α, IL-12p70 and IL-10), 400 μL blood was extracted via 
submandibular vein from mice in each experimental group. Blood was collected in capillary blood collection 
tubes with separator gel (BD Microtainer, USA) and centrifuged to obtain serum. Cytokines were quantified by 
ELISA (Biolegend, USA) following manufacturer’s instructions.

Bacterial growth curve. L.m was cultured in BHI broth overnight. 20 µL of this culture were added to 
tubes with BHI broth or BHI broth plus 52 mM VPA and incubated at 37 °C with constant shaking. Bacterial 
viability was determined at 0, 3, 18 and 24 h after serial dilutions and seeding on BHI agar plates, which were 
incubated at 37 °C for 18–24 h.

Viability assay. 1 × 106 splenocytes of healthy BALB/c were treated with VPA at different concentrations (1, 
2, 5 and 10 mM) for 24 h. Then cells were washed and stained with 1 μg/mL Annexin V (BioLegend, USA) and 
0.5 μg/mL propidium iodide (eBioscience, USA). After staining, cell viability was measured by flow cytometry.

In vitro infection and IFN‑γ production. 1 × 106 splenocytes of healthy BALB/c mice were preincubated 
with or without 2 Mm VPA for 1 h, and then infected with L.m at a Multiplicity of Infection (MOI) of 0.1. After 
24 h of culture, supernatants were collected and IFN-γ production was evaluated by ELISA.

For the evaluation of cell populations producing IFN-γ by flow cytometry, we followed a previously reported 
 protocol24. Briefly, splenocytes were infected with L.m for 18 h. During the last 4 h of culture, Brefeldin A (a 
protein transport inhibitor) (Biolegend, USA) was added. Next, cells were washed, blocked with anti-CD16/32 
(Mouse BD Fc Block, clone: 2.4G2. BD-Biosciences, USA), stained with a mixture of fluorochrome-conjugated 
antibodies to CD3 (clone: 145-2C11), CD4 (clone: GK1.5), CD8 (clone: 53-6.7), CD49b (clone: DX5), TCRγδ 
(clone: GL3), B220 (clone: RA3-6B2), all from Biolegend, USA; CD11b (clone: HL3, BD-Biosciences, USA). 
Cells were fixed, permeabilized. stained with anti-IFN-γ (clone; XMG1.2. Biolegend, USA) and analyzed by 
flow cytometry.

NK cells isolation. NK cells were obtained from spleens of healthy BALB/c mice using an NK cell negative 
selection isolation kit II (Militenyi Biotec, USA). The enrichment was ≥ 90% as determined by flow cytometry 
after staining with antibodies to CD3 (clone: 145-2C11) and CD49b (clone: DX5).

IFN‑γ production by NK cells. 5X104 NK cells were cultured in the presence or absence of 2 mM VPA for 
1 h and then 20 ng/mL of murine recombinant IL-12p70 (Peprotech, USA) and 100 ng/mL of murine recom-
binant IL-18 (R&D systems, USA) were added. After 18 h of culture, supernatants were collected for IFN-γ 
detection by ELISA.

Expression of IL‑12 and IL‑18 receptors on NK cells. NK cells were treated or not with VPA for 19 h 
and the expression of IL-12 and IL-18 receptors was evaluated by flow cytometry, using biotinylated antibodies 
against IL-12Rβ2 (clone: REA200; Militenyi Biotec, USA) or anti-IL-18Rα (REA947; Militenyi Biotec, USA) and 
stained with streptavidin-APC (BD-Bioscience, USA), prior blocking with anti-CD16/32.

STAT4, p65 (NF‑κB) and p38 phosphorylation in NK cells. NK cells were cultured in the presence or 
absence of VPA for 1 h and then stimulated with IL-12p70 plus IL-18 for 15 min to evaluate p-STAT4, 30 min 
for p-p65 and 60 min for p-p38. Then, the cells were preserved with Fixation buffer (BD-Bioscience, USA) and 
permeabilized with 0.5 × Perm buffer IV (BD-Bioscience, USA). After blocking with anti-CD16/32, the cells 
were stained with antibodies to p-STAT4 (clone: 38/p-Stat4), p-p65 (clone: K10-895.12.50) or p-p38 (Clone: 36/
p38). All antibodies were from BD-Biosciences, USA.

Flow cytometry. All cell samples stained with fluorochrome-conjugated antibodies to cell surface mark-
ers, intracellular IFN-γ and intracellular phosphorylated proteins were acquired using FACSCalibur (BD Bio-
sciences) and analyzed with FlowJo v6.0 software.

Statistical analysis. All statistical analyses were performed with SigmaPlot software version 14.0, from Sys-
tat Software, Inc., San Jose California USA, www.systa tsoft ware.com. Data normality was assessed by Kolmogo-
rov–Smirnov with Lilliefors correction. Data are shown as mean ± standard error mean (s.e.m) or median and 
range or adjusted means with 95% confidence intervals, as appropriate. For comparisons between two groups, 
Mann–Whitney rank sum test with Yates correction was used. For comparisons between two or more groups, 

http://www.systatsoftware.com
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Kruskal–Wallis test was used. For comparisons between two or more groups with two factors, two way-analysis 
of variance (ANOVA) with Student–Newman–Keuls (SNK) post-hoc was used. For comparisons between two 
or more groups with two factors and repeated measures, two way-repeated measures-ANOVA (RM-ANOVA) 
with SNK post-hoc was used. One way-Analysis of Covariance (ANCOVA) was used to evaluate variations in 
the weight of the animals. The Kaplan–Meier method was used for survival and differences were analyzed by the 
log-rank sum test. A value of p < 0.05 was considered to be significant.

Data availability
All data generated or analyzed during this study are included in this published article (and its Supplementary 
Information files).
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