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SUMMARY
MV130 is an inactivated polybacterial mucosal vaccine that confers protection to patients against recurrent
respiratory infections, including those of viral etiology. However, its mechanism of action remains poorly un-
derstood. Here, we find that intranasal prophylaxis with MV130 modulates the lung immune landscape and
provides long-term heterologous protection against viral respiratory infections in mice. Intranasal adminis-
tration of MV130 provides protection against systemic candidiasis in wild-type and Rag1-deficient mice
lacking functional lymphocytes, indicative of innate immune-mediated protection. Moreover, pharmacolog-
ical inhibition of trained immunity with metformin abrogates the protection conferred by MV130 against influ-
enza A virus respiratory infection. MV130 induces reprogramming of both mouse bone marrow progenitor
cells and in vitro human monocytes, promoting an enhanced cytokine production that relies on a metabolic
shift. Our results unveil that the mucosal administration of a fully inactivated bacterial vaccine provides pro-
tection against viral infections by a mechanism associated with the induction of trained immunity.
INTRODUCTION

Respiratory tract infections (RTIs), an important economic and

public health burden, are mainly caused by bacteria and

viruses, including influenza virus, respiratory syncytial virus,

rhinoviruses, and coronaviruses (Braido et al., 2007). Due to

genetic characteristics, environmental factors, and immuno-

logical immaturity, children present an increased incidence

of recurrent RTIs, which is a significant risk factor for devel-

oping asthma later in life (Esposito et al., 2018). Although

recurrent RTIs are commonly of viral etiology, the traditional

therapeutic strategies rely on antibiotic treatments to prevent

secondary bacterial infections (van Houten et al., 2019).

Therefore, the search for and development of alternative pre-

ventive treatments for viral infections have been priorities in

recent years. In this direction, several studies have shown

that bacterial preparations provide protection against recur-
This is an open access article under the CC BY-N
rent RTI through the modulation of both cellular and humoral

responses (Koatz et al., 2016; Laiño et al., 2018).

MV130 is a polybacterial mucosal vaccine manufactured by

Inmunotek (Spain), composed of different proportions of

whole heat-inactivated Gram-positive (90%) and Gram-nega-

tive (10%) bacteria including Streptococcus pneumoniae,

Staphylococcus aureus, Staphylococcus epidermidis, Klebsi-

ella pneumoniae, Moraxella catarrhalis, and Haemophilus influ-

enzae (Alecsandru et al., 2011; Cirauqui et al., 2018). Clinical

studies have shown that patients suffering from recurrent

RTIs present a reduced number of viral and/or bacterial infec-

tious episodes after MV130 treatment (Alecsandru et al., 2011;

Garcı́a González and Arrutia Dı́ez, 2019). Moreover, in a

phase 3 randomized, double-blind, placebo-controlled trial

(NCT01734811), children treated with MV130 showed an

important reduction in the incidence and severity of recurrent

wheezing (Nieto et al., 2021), a condition associated with viral
Cell Reports 38, 110184, January 4, 2022 ª 2021 The Authors. 1
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infections (Jartti et al., 2019; Le Souëf, 2018). The immuno-

modulatory properties of MV130 have been studied on den-

dritic cells (DCs) (Cirauqui et al., 2018), oral epithelial cells

(Molero-Abraham et al., 2019), and mesenchymal stem cells

(Vázquez et al., 2020). However, the mechanisms underlying

the broad anti-infectious protection provided by MV130

remain largely unknown.

Trained immunity is the boost of innate immune responses

induced by some stimuli, which provide a long-term protec-

tion against related or unrelated infections (Netea et al.,

2011, 2016). Trained immunity inducers range from infectious

agents, such as low doses of live Candida albicans (Quintin

et al., 2012) and live vaccines such as Bacillus Calmette-Gue-

rin (BCG) (Kleinnijenhuis et al., 2012), and also include specific

microbial components, such as the polysaccharide b-glucan

(Quintin et al., 2012) or muramyl dipeptide (Ifrim et al., 2014)

from fungal and bacterial cell walls, respectively. Its indepen-

dence from adaptive immunity has been demonstrated by

studies performed on mice lacking B and T cells (Kleinnijen-

huis et al., 2012; Quintin et al., 2012). Trained immunity is

characterized by an enhanced cytokine production in

response to a second challenge, relying on chromatin remod-

eling and metabolic rewiring (Cheng et al., 2014). In particular,

during trained immunity, the promoter regions of genes en-

coding for some proinflammatory cytokines are enriched in

specific histone modifications such as H3-histone-lysine-4 tri-

methylation (H3K4me3), which are responsible for increased

chromatin accessibility with subsequent gene overexpression

(Quintin et al., 2012; Saeed et al., 2014). These modifications,

defined as epigenetic changes, are reversible and do not

affect the DNA sequence but rather change the expression

profile of the involved genes (Lacal and Ventura, 2018).

Accordingly, the pan-methyltransferase inhibitor 50-methyl-

thioadenosine (MTA) abolishes these modifications and,

thus, the induction of trained immunity (Bekkering et al.,

2014; Ifrim et al., 2014; Kleinnijenhuis et al., 2012). Trained

innate immune cells display a shift from oxidative phosphory-

lation to aerobic glycolysis, which requires the protein

kinase B (Akt)/mammalian target of rapamycin (mTOR)/hypox-

ia inducible factor 1a (HIF-1a) pathway (Braza et al., 2018;

Kumar et al., 2014). However, oxidative phosphorylation

(OXPHOS) also contributes to the induction of trained immu-

nity (Groh et al., 2021). To explain the long-lasting effect of

trained immunity, the persistence of trained innate immune

cells has been linked to the reprogramming of hematopoietic

stem and progenitor cells in the bone marrow (Christ et al.,

2018; Kaufmann et al., 2018; Mitroulis et al., 2018).

Here, we demonstrate that pretreatment with the polybacte-

rial mucosal vaccine MV130 provides long-term protection in

viral infection models, which is independent of inflammatory

monocytes and dependent on the mTOR pathway. In addition,

we found that MV130 protects against systemic C. albicans

infection in a B and T cell-independent manner, promotes

epigenetic rewiring of myeloid progenitors, and induces both

epigenetic and metabolic changes in human monocytes

in vitro. Thus, we conclude that MV130 can protect against

a wide range of pathogens through induction of trained

immunity.
2 Cell Reports 38, 110184, January 4, 2022
RESULTS

MV130 confers heterologous protection against
unrelated viral respiratory infections in mice
To assess the potential role ofMV130 in cross-protecting against

viral infections, we designed an in vivo experimental approach to

mimic human respiratory infections in mice. The mucosal prepa-

ration MV130 or a control (excipient) was administered intrana-

sally (i.n.) three times aweek for 3 consecutive weeks (Figure 1A).

Seven days after the last dose, mice were challenged with

vaccinia virus (VACV) intranasally. Animals pretreated with

MV130 showed less infection-related morbidity, measured as a

weight loss, than the control group (Figure 1B). This was accom-

panied by a 10-fold decrease in viral load in the lungs of MV130-

treated mice compared with control mice at day 3 post infection

(Figure 1C). To decipher whether the control of the virus was ex-

erted in the lung or in upper airways, we evaluated both trachea

and lung viral load at day 2 post infection (Figure S1). At this time

point no virus was detected in the trachea (Figure S1), consistent

with previously published data showing that VACV preferentially

replicates in the lung (Reading and Smith, 2003). Importantly,

there were no differences in lung viral load between excipient-

and MV130-treated mice at this time (Figure S1), suggesting

that the same amount of virus reaches the lung and starts to

be controlled locally at day 3 post infection. To test the breadth

of the protective role of MV130 against antigenically unrelated

viral infections, we pretreated mice with MV130 or excipient

and infected them with influenza A/Puerto Rico/8/1934 (H1N1)

(PR8) virus (Figures 1D and 1E). As shown, pretreatment with

MV130 also reduced morbidity (Figure 1D) and mortality (Fig-

ure 1E) compared with controls against this human respiratory

virus. Thus, these results indicate that MV130 induces heterolo-

gous protection against two unrelated respiratory viral infection

models.

MV130 modulates the lung immune landscape and
induces long-term heterologous protection
To further understand the mechanisms underlying the protective

effects of MV130, we next characterized the lung immune cells

after MV130 treatment following the scheme shown in Figure 2A.

Lung cell subsets were analyzed following the flow cytometry

gating strategy detailed in Figure S2. Myeloid and lymphoid

cell populations were increased on day 1, and even on day 7, af-

ter the last dose ofMV130 (Figures 2B and 2C). In particular, neu-

trophils, alveolar macrophages (AMs), and both CD11b+ and

CD103+ DCs were expanded within the myeloid compartment

(Figure 2B). Similarly, a significant increase was seen in the total

numbers of CD4+ T cells, including the minor subset of FOXP3+

regulatory CD4+ T cells, while the number of CD8+ T cells re-

mained unchanged (Figure 2C). Themagnitude of these changes

on day 7, i.e., at the time of virus challenge, wasmilder compared

with day 1, suggesting a quick return to steady-state levels.

These results indicated thatMV130 is able to promote a transient

influx of selected immune cells to the lung.

To test the long-term effects of MV130 treatment, we

analyzed lung cell subsets 3 months after the last MV130

challenge following the scheme in Figure 2D. There were no

differences among either myeloid (Figure 2E) or lymphoid
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Figure 1. MV130 protects against viral res-

piratory infections

(A) Graphical outline of the in vivomodels ofMV130

(109 bacteria/mL) treatment followed by i.n. viral

infection.

(B) Weight loss after VACV i.n. infection (5 3 104

PFU/mouse). Mean ± SEM are presented.

(C) Lung viral load on day 3 post VACV infection.

Individual data and the mean ± SEM are

presented.

(D and E) Weight loss (D) and survival (E) of mice

infected i.n. with influenza A virus (2 3 103 PFU/

mouse = 2 3 LD50). z indicates that the excipient

group had to be excluded from the graph from day

6 because mice started to die (D).

In (B) and (D), weights were recorded daily and

compared using a two-way ANOVA test. In (C),

lung viral titers were compared using an unpaired

Student’s t test. In (E), survival curves were

compared with a log rank (Mantel-Cox) test. Re-

sults from a pool of two independent experiments

with n = 16 (B) and n = 15 (D and E) mice per group.

**p < 0.01; ***p < 0.001.
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(Figure 2F) cell subsets analyzed, except for a significant but

mild increase in AMs of MV130-treated mice, compared with

excipient-treated mice (Figure 2E). Of note, pretreatment of

mice with MV130 3 months before infection with PR8 influenza

A virus reduced infection-related morbidity compared with

excipient-pretreated mice (Figure 2G). This result demon-

strates that MV130 confers long-term protection against viral

infections.

MV130 acts as an inducer of trained immunity in vivo

Given the above results, we were prompted to assess whether

i.n. MV130 administration was able to induce systemic heterolo-

gous protection in a classical trained immunity model. The resis-

tance to systemic infection by C. albicans is a standard model to

test innate training in vivo (Quintin et al., 2012). With this aim,

mice were pretreated i.n. with MV130 or excipient and, 4 days

after the last dose, were intravenously (i.v.) infected with C. albi-

cans (Figure 3A). As shown in Figure 3B, MV130-treated mice

displayed reduced mortality compared with excipient-treated

mice following systemic C. albicans infection, confirming the

ability of mucosal pretreatment with only two doses of MV130

to induce heterologous and systemic protection (Figures 3A

and 3B). MV130-mediated protection in this infection model

was also seen in Rag1-deficient mice (Figure 3C), which lack

mature B and T lymphocytes, thus supporting the notion that

this protection mainly relies on innate immunity (Kleinnijenhuis

et al., 2012, 2014; Quintin et al., 2012).
C

Activation of mTOR is a key signaling

step in the induction of innate immune

cell training, and mTOR inhibition

completely abrogates the protection

conferred by either b-glucan both

in vitro and in vivo (Cheng et al., 2014)

or BCG (Arts et al., 2016). Metformin, a

pharmacological inhibitor of trained im-
munity, activates the AMPK pathway, leading to mTOR inhibi-

tion (Arts et al., 2016; Braza et al., 2018; Cheng et al., 2014).

Thus, to further support that MV130-mediated protection

against heterologous viral infections relies on training of innate

immune cells, mice received metformin in the drinking water,

following the scheme shown in Figure 3D. One week later,

mice were infected i.n. with influenza A virus. Notably, coad-

ministration of metformin reduced the protection against influ-

enza A infection provided by MV130, in terms of both weight

loss (Figure 3E) and survival (Figure 3F). These data indicate

that the mTOR pathway is required for the optimal protective

effects of MV130, further indicating that trained immunity is

involved in its mechanism of action.

Since either AMs or Ccr2-dependent inflammatory mono-

cytes infiltrating the lung can show features of innate immune

memory (Quintin et al., 2012; Yao et al., 2018), we addressed

the potential involvement of lung-infiltrating monocytes in the

local response mediated by MV130. With this aim we used

Ccr2-deficient mice, which are impaired in the release of

monocytes from the bone marrow to the blood and the

recruitment of inflammatory monocytes to the tissues (Tsou

et al., 2007). Indeed, we checked that Ccr2 deficiency

impaired the presence of monocytes in blood not only in

the steady state but also after administration of MV130 (Fig-

ure S3). Of note, pretreatment of Ccr2-deficient mice with

MV130 1 week before infection with PR8 influenza A virus (Fig-

ure 3G) prevented morbidity and mortality compared with
ell Reports 38, 110184, January 4, 2022 3
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Figure 2. MV130 modulates lung immune landscape and promotes long-term protection against viral infections

(A) Graphical outline for data in (B) and (C).

(B andC) Absolute numbers of the indicated lung immune cell populations,myeloid (B) and lymphoid (C), on day 1 and day 7 after the lastMV130 (109 bacteria/mL)

administration, were analyzed by flow cytometry. Individual data (n = 5) and the mean ± SEM are shown. **p < 0.01; ***p < 0.001 (unpaired Student’s t test

comparing excipient and MV130 in the same time point).

(D) Graphical outline for data in (E), (F), and (G).

(E and F) Absolute numbers of the indicated lung immune cell populations, myeloid (E) and lymphoid (F), 3 months after the last MV130 (109 bacteria/mL)

administration, were analyzed by flow cytometry. Individual data (n = 10) and the mean ± SEM are shown. ***p < 0.001 (unpaired Student’s t test comparing

excipient and MV130).

(G) Weight loss of mice infected i.n. with influenza A virus (103 PFU/mouse). Results from a pool of two independent experiments (mean ± SEM) are shown (n = 16

in excipient group and 16 in MV130 group). z indicates that the excipient group had to be excluded from the graph from day 10 because mice started to die.

Weights were compared using a two-way ANOVA test comparing MV130 and excipient groups. **p < 0.01.
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excipient-treated mice (Figures 3H and 3I). This result indi-

cates that the protection mediated by MV130 is independent

of inflammatory monocytes.
4 Cell Reports 38, 110184, January 4, 2022
MV130 reprograms multipotent progenitors
Trained immunity acts viamodulation of hematopoietic stem and

progenitor cells, and this is translated into functional changes of
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mature myeloid cells in the periphery (Kaufmann et al., 2018; Mi-

troulis et al., 2018). We thus hypothesized that MV130 could

confer systemic long-term protection through reprogramming

of hematopoietic precursors. To test this, we treated mice with

MV130 or with its excipient following the scheme in Figure 4A

and, after 1 week of resting, multipotent progenitors (MPPs;

c-kit+ sca-1+ CD48+ CD150�) were sorted from the bonemarrow

(Figure S4A) and subsequently analyzed by assay for transpo-

sase-accessible chromatin with high-throughput sequencing

(ATAC-seq). A consensus peak set representing 58,474 acces-

sible chromatin regions was defined after processing ATAC-

seq data from two treated and two control samples. Chromatin

accessibility in treated samples, relative to control samples,

was calculated for each peak and expressed as a logFC value.

A number of 246 differentially accessible regions (DARs; false

discovery rate [FDR] < 0.1) were identified in the MPPs

from MV130-pretreated mice, compared with the excipient-pre-

treated mice, by the R package DiffBind (Figure S4B). Correla-

tion analysis confirmed that peaks related to excipient-treated

sample 1 and sample 2 clustered more closely to each other

compared with peaks from MV130-treated mice and vice versa;

thus, samples coming from mice that have received the same

treatment are functionally equivalent (Figure S4C). Because the

number of DARs was relatively low, we decided to base func-

tional inferences on information from all detected accessible re-

gions. To this end, the closest gene to each consensus peak was

identified and the resulting collection of genes was ranked ac-

cording to the logFC value of associated peaks; preranked

gene set enrichment analysis (GSEA) was then used to identify

Hallmark gene sets from the Molecular Signatures database

(MSigDB) that were enriched in genes that had been associated

with open chromatin regions with positive or negative logFC
values. GSEA results indicated that gene sets related to inflam-

matory responses, DNA repair, and tumor necrosis factor a

(TNFa) signaling, among others, are enriched in genes that are

close to open chromatin regions from MPPs upon pretreatment

with MV130 (Figures 4B and 4C), consistent with previous results

for other trained immunity inducers (Mitroulis et al., 2018).

To test for functional consequences of the reprogramming in

bone marrow progenitor cells (Kaufmann et al., 2018; Mitroulis

et al., 2018), we obtained bone marrow-derived macrophages

(BMDMs), challenged them with lipopolysaccharide (LPS), and

measured TNFa production 24 h later in the supernatant (Fig-

ure 4D). As shown in Figure 4E, BMDMs generated from
Figure 3. MV130 shows key features of trained immunity

(A) Graphical outline: wild-typeC57BL/6 andRag1�/�micewere treatedwithMV1

infection with 3 3 105 (B) or 1.5 3 105 (C) C. albicans at day 0.

(B and C) Survival of wild-type C57BL/6 (B) and Rag1�/� (C) mice in two pooled in

treated and n = 19 for MV130-treated (C) mice. Survival curves were compared

(D) Graphical outline of the effect of in vivo inhibition with metformin (or not) in m

challenged with influenza A virus (2 3 103 PFU/mouse = 2 3 LD50).

(E and F) Weight loss (E) and survival (F) of mice following the treatments indicate

n = 13 for excipient, n = 11 for MV130, n = 12 for excipient +metformin, and n = 13

ANOVA test comparingMV130 andmetformin +MV130 groups. Survival curves w

(G) Graphical outline for data in (H) and (I).

(H and I) Weight loss (H) and survival (I) of mice following 2 weeks of treatment w

experiments are shown (n = 20 in excipient group and 18 in MV130 group). (E and

ANOVA test comparing MV130 and excipient groups. Survival curves were comp
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MV130-treated mice produced higher levels of TNFa than those

derived from excipient-treated control mice. On the contrary,

no differences were found in the production of TNFa between

MV130 and control, when whole bone marrow was challenged

with LPS (Figure S4D). These data indicate that i.n. treatment

with MV130 acts systemically to induce epigenetic changes in

MPPs, which acquire the capability to generate trained mature

macrophages.

MV130 trains human monocytes in vitro

All the foregoing results were performed in mice; therefore, we

were prompted to test whetherMV130may induce training in hu-

man monocytes. Different hallmarks that characterize trained

immunity, such as an enhanced cytokine production, epigenetic

reprogramming, and metabolic rewiring, were assessed in a

well-established in vitro model of human monocytes (Netea

et al., 2015a, 2015b). Human monocytes were challenged with

MV130 or excipient, washed the following day, and stimulated

with LPS at day 7. Twenty-four hours later, cytokines were

measured in cell culture supernatants (Figure 5A). Monocyte

pretreatment withMV130 enhanced the production of TNFa (Fig-

ure 5B) and interleukin-6 (IL-6) (Figure 5C) compared with excip-

ient. To evaluate the contribution of epigenetic reprogramming

to this increase, we treated monocytes during training with

50-deoxy-50-(methylthio)adenosine (MTA), a methyltransferase

inhibitor that prevents training, or with pargyline, a demethylase

inhibitor with no effects on the training process (Bekkering et al.,

2014; Ifrim et al., 2014; Kleinnijenhuis et al., 2012). MTA abol-

ished the cytokine increase, in strong contrast to pargyline (Fig-

ures 5B and 5C). These data indicate that pretreatment of human

monocytes with MV130 results in increased inflammatory cyto-

kine production that relies on epigenetic rewiring.

To further test the role of epigenetic changes in MV130-medi-

ated trained immunity induction in human monocytes, we per-

formed global epigenetic profiling of open chromatin by ATAC-

seq, as we had done in the mouse model. The number of

DARs with FDR < 0.1 was 649 (Figure S5A), and the expected

correlation was found among samples from the two different

conditions (Figure S5B). Although the number of DARs was

higher than that detected in mouse MPPs, we again used

GSEA to make functional inferences using information from all

detected accessible regions. GSEA results indicated that open

chromatin regions are associated with inflammatory responses

and TNFa signaling genes in human monocytes upon
30 (109 bacteria/mL) or excipient at day�7 and day�4, followed by intravenous

dependent experiments with n = 19 per group (B) and with n = 20 for excipient-

with log rank (Mantel-Cox) test. **p < 0.01.

ice pretreated with MV130 (109 bacteria/mL) or excipient and subsequently

d in (D). Results from a pool of two independent experiments are shown, with

for MV130 +metformin treated mice. Weights were compared using a two-way

ere comparedwith log rank (Mantel-Cox) test. *p < 0.05; **p < 0.01; ***p < 0.001.

ith MV130/excipient as shown in (G). Results from a pool of two independent

H) data are shown as mean ± SEM. Weights were compared using a two-way

ared with log rank (Mantel-Cox) test. **p < 0.01; ***p < 0.001.
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Figure 4. MV130 trains bone marrow myeloid progenitors

(A) Graphical outline of the in vivo model of MV130 treatment followed by myeloid progenitor (MPP) sorting and subsequent ATAC-seq analysis.

(B and C) ATAC-seq analysis in MPPs sorted from bone marrow of mice 1 week after the last challenge with MV130 or its excipient. Bar plot showing enrichment

results for all gene sets in the Hallmark collection. Asterisks denote significant enrichment (FDR q value <0.25). Positive enrichment score (in red) suggests

association between gene sets and regions with increased chromatin accessibility in MV130-treated samples. Negative enrichment score is in blue (B). GSEA for

TNFa signaling, inflammatory response, and DNA repair with their equivalent volcano plots showing biological pathways and genes differentially regulated in

excipient-treated and MV130-treated mice (C).

(D) Graphical outline of the in vivo model of MV130 treatment followed by BMDM differentiation and challenge.

(E) TNFa production by ELISA in the supernatants of BMDM in response to LPS treatment. Individual data (n = 9) and the mean ± SEM from two independent

experiments. Unpaired Student’s t test between MV130 and excipient conditions. *p < 0.05; **p < 0.01.
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pretreatment with MV130 (Figures 5D and 5E). These results

suggest that MV130 induces epigenetic modifications that pro-

mote open chromatin in regions that are proximal to proinflam-

matory pathway genes, which is a hallmark for trained immunity.

Trained immunity is also characterized by changes in cellular

metabolism, with both glycolysis and oxidative phosphorylation

being involved in this process (Cheng et al., 2014; Groh et al.,

2021). Human monocytes pretreated 5 days before with

MV130 showed higher basal respiration rate, maximal respira-

tion rate, and spare respiration capacity than control ones,

indicating more mitochondrial activity and higher oxidative

metabolism (Figure 5F). Moreover, the extracellular acidification

rate was found to be upregulated in MV130-pretreated mono-

cytes (Figure 5F). Consistent with this, MV130-pretreated

human monocytes increased the production of lactate, both

at day 1 and at day 7 (Figure 5G), suggesting increased glyco-

lytic metabolism. Thus, MV130 modulates the function of

human monocytes, leading to a metabolic shift and increased

cytokine production upon restimulation, which relies on epige-

netic changes.

DISCUSSION

The protective role of bacterial immunotherapy in recurrent

RTIs has been demonstrated in different clinical studies (Espo-

sito et al., 2018; Feleszko et al., 2019). However, their potential
immune mechanisms remain unclear (Esposito et al., 2018)

given the frequent viral etiology of these infections, especially

in children (Huang et al., 2018; Li et al., 2019). Along the same

lines, the polybacterial mucosal vaccine MV130 has been

shown to be effective in preventing RTI recurrences in either

adults (Alecsandru et al., 2011; Garcı́a González and Arrutia

Dı́ez, 2019) or children (Nieto et al., 2021). Although the action

of MV130 has been studied in different cell types (Cirauqui

et al., 2018; Molero-Abraham et al., 2019; Vázquez et al.,

2020), a clear mechanism of protection is still unidentified. Pre-

vention of RTI recurrences in children points to an antiviral ef-

fect, as wheezing attacks in young children are predominantly

linked to respiratory virus infections (Jartti et al., 2019; Meiss-

ner, 2016; Le Souëf, 2018). Therefore, we set out to investigate

the potential antiviral mechanisms of MV130 in mouse experi-

mental models of respiratory virus infections. Here, we found

that pretreatment of mice with MV130 greatly reduces their

morbidity and mortality when subsequently challenged with

either vaccinia or influenza A viruses. These results concur

with other experimental studies in which bacterial-derived

products, also administered through mucosal routes, pro-

tected mice against influenza virus infection by putative non-

specific effects on innate immune cells (Tuvim et al., 2009;

Bessler et al., 2010; Norton et al., 2010).

Of note, the preventive effect of MV130 in children lasted at

least 6 months after treatment interruption (Nieto et al., 2021),
Cell Reports 38, 110184, January 4, 2022 7
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Figure 5. MV130 trains human monocytes in vitro

(A) Schematic representation of the in vitro human monocyte training with MV130.

(B and C) Measurement of both TNFa (B) and IL-6 (C) levels in the supernatants of human monocytes treated as indicated in (A) by ELISA. Each dot represents an

independent experiment using monocytes from different donors (n = 6) in independent experiments; mean ± SEM are presented. *p < 0.05, **p < 0.01, and

***p < 0.001 using paired Student’s t test.

(D and E) ATAC-seq analysis in human monocytes 5 days after challenge with MV130 or its excipient. Bar plot showing enrichment results for all gene sets in the

Hallmark collection. Asterisks denote significant enrichment (FDR q value <0.25). Positive enrichment score (in red) suggests association between gene sets and

regions with increased chromatin accessibility in MV130-treated samples. Negative enrichment score is in blue (D). GSEA for inflammatory response and TNFa

signaling with their equivalent volcano plots showing biological pathways and genes differentially regulated in excipient- and MV130-treated cells (E).

(F) Oxygen consumption rate (OCR) of human monocytes incubated with excipient or MV130 was analyzed by Seahorse extracellular flux assay at day 5 post

challenge. Basal respiration rate (BRR) was defined as OCR before inhibitor addition. Maximal respiration rate (MRR) was defined as the OCR after addition of

carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP). Spare respiration capacity (SRC) was defined as the difference between MRR and BRR.

Extracellular acidification rate (ECAR) was measured in the absence of inhibitor. Error bars represent SEM. *p < 0.05.

(G) Analysis of lactate production in the supernatant of humanmonocytes 24 h (left, n = 15) and 7 days (right, n = 9) after training withMV130 or excipient. Each dot

represents an independent experiment using monocytes from different donors; dots from the same experiment are paired. *p < 0.05, **p < 0.01, and ***p < 0.001

using paired Student’s t test.
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which points to a fairly long-lasting protection. We found that

protection against viral infections persists for 3 months after

the last MV130 challenge in mice. As the concept of trained im-

munity relies on the long-term adaptation of innate immune cells

by their functional reprogramming (Netea et al., 2020), we were

prompted to address whether MV130 protection was related to

the induction of trained immunity. In this sense, trained immunity

inducers, such as BCG or b-glucan, have been shown to pro-

mote protection against viral infections in animal models and hu-

mans (Arts et al., 2018; Geller and Yan, 2020). The current results

clearly indicate that MV130 induces trained immunity in myeloid

cells, as it fulfills the main hallmarks described for this phenom-

enon. MV130 treatment confers protection to mice challenged

withC. albicans i.v., which is considered a gold-standard protec-

tion model of systemic trained immunity (Quintin et al., 2012).

This is also seen in Rag1�/� mice, lacking mature B and T lym-
8 Cell Reports 38, 110184, January 4, 2022
phocytes, which is another key feature of trained immunity

(Kleinnijenhuis et al., 2014). Finally, the involvement of trained im-

munity in the antiviral effect of MV130 is supported by the lack of

protection in influenza virus-challenged mice treated concomi-

tantly with metformin, an mTOR inhibitor that prevents a proper

induction of trained immunity (Cheng et al., 2014).

Epigenetic rewiring of bonemarrow progenitors is another crit-

ical hallmark linked to trained immunity, as it may explain its

long-term effect despite the relatively short life span of

most myeloid cells (Kaufmann et al., 2018; Mitroulis et al.,

2018). We find that, upon pretreatment of mice with MV130,

bone marrow MPPs show open chromatin regions that are

close to inflammatory responses, DNA repair, and TNFa, inter-

feron, IL-1, and IL-6 signaling pathway genes, together with up-

regulation of cholesterol homeostasis genes, according to GSEA

results. These findings are in linewith previously publishedworks



Article
ll

OPEN ACCESS
showing the role of both cholesterol and IL-1 signaling in the re-

programming of hematopoietic stem cells and progenitors

following oxidized low-density lipoprotein and b-glucan treat-

ment (Christ et al., 2018; Mitroulis et al., 2018). Furthermore,

BMDMs from MV130-treated mice displayed an enhanced pro-

duction of proinflammatory cytokines upon restimulation with

LPS, confirming that MV130 reprograms myeloid progenitors

also at a functional level (Kaufmann et al., 2018). In addition, hu-

man monocytes pretreated with MV130 produced higher levels

of proinflammatory cytokines in response to LPS as a second

challenge. This effect is mediated by epigenetic rewiring, as

demonstrated by the increased enrichment of open chromatin

regions related to inflammatory responses and TNFa signaling

genes in human monocytes pretreated with MV130, detected

by ATAC-seq analysis. Consistently, increased TNFa production

upon restimulation in MV130-pretreated monocytes is blocked

with MTA, an epigenetic inhibitor known to prevent trained im-

munity (Kleinnijenhuis et al., 2012; Quintin et al., 2012). The

described epigenetic changes are accompanied by the meta-

bolic reprogramming of MV130-treated monocytes that show a

higher energetic metabolic state than control treated cells. This

is reflected by both increased OXPHOS and glycolytic meta-

bolism (Cheng et al., 2014; Groh et al., 2021; Ifrim et al., 2013).

MV130 is a polybacterial mixture containing a high percentage

of whole-cell Gram-positive bacteria with a minor proportion of

Gram-negative bacteria. Systems biology combined with func-

tional analyses indicated that both Toll-like receptor (TLR) and

NOD-like receptor (NLR) pathways are activated by MV130 on

human monocyte-derived DCs, using MyD88 and RIPK2-medi-

ated signaling pathways, respectively (Cirauqui et al., 2018).

While microbial ligands engaging NLRs (NOD1 and NOD2) are

well-established training inducers, TLR ligands may have oppo-

site effects depending on their type and concentration (Domı́-

nguez-Andrés et al., 2019; Ifrim et al., 2014). Although this

adds a high level of complexity to the training stimuli derived

from MV130, it is the final net result of their combination that de-

termines their biological behavior, as has been noted for either

single or multiple pattern recognition receptors (Brown et al.,

2007). Another level of complexity when considering bacterial

ligands as training inducers is the fact that some inactivated bac-

terial vaccines (e.g., diphtheria-tetanus-pertussis vaccine) seem

detrimental for trained immunity induction (Blok et al., 2020). In

fact, epidemiological data suggest that live vaccines (BCG,mea-

sles, oral polio) provide long-lasting beneficial effects against a

variety of unrelated infections ascribed to a presumed trained

immunity induction (Benn et al., 2020; Goodridge et al., 2016).

While it is widely accepted that viable pathogens do stimulate

the innate immune system better than their dead counterparts

by promoting higher inflammation (Blander and Sander, 2012),

no clear reasons have been found to explain the superior perfor-

mance of vaccines containing replicating agents for inducing

trained immunity (Arts et al., 2015). We show here that MV130,

a fully inactivated mucosal bacterial vaccine, is able to induce

trained immunity in mice both in vitro and in vivo. It is worth

noting that MV130 is administered daily during several weeks

or months, in contrast to single doses of conventional vaccines.

Such repetitive doses could induce a sustained immunostimula-

tory effect for an optimal trained immunity in vivo induction,
which might in some way resemble a replicating agent. The

demonstration that mucosal mesenchymal stem cells may be

acting as reservoirs for MV130 bacteria over time for their subse-

quent transfer to DCs (Vázquez et al., 2020) may point in the

same direction. Nevertheless, examples of trained immunity

induced in vivo by few or single doses of both products derived

from microorganisms such as b-glucan (Saz-Leal et al., 2018)

and adjuvant-free inactivated influenza vaccines (Debisarun

et al., 2020) do exist.

Our analysis of the immune landscape of lungs from mice

treated with MV130 revealed an expansion of both myeloid

and lymphoid compartments. Interestingly, CD103+ DCs and

CD4+ T cells, including the FOXP3+ regulatory T cell subset,

were increased at day 7 after the last dose. A remarkably similar

cell expansion has been previously described in the mesenteric

lymph nodes of mice treated orally with a fairly similar bacterial

preparation in the form of lysates (Navarro et al., 2011). These

changes fit with the ability of MV130 to stimulate DCs to drive

T helper 1 (Th1)/Th17 and IL-10 responses both in vitro and in vivo

(Cirauqui et al., 2018). Our evidence indicates that AMs could be

playing a main role in the trained immunity against viral infec-

tions, since they are the cell subset more affected in the long

term by MV130 treatment and the protection is independent of

inflammatory monocytes that could be recruited to the lung

upon inflammation. This is consistent with previous reports

showing that AMs can be trained (Yao et al., 2018). In this regard,

it is known that metformin inhibits the transcription factor perox-

isome proliferator-activated receptor g (PPAR-g) in AMs (Sozio

et al., 2011), which, in turn, is critical in AMs to control the exag-

gerated antiviral and inflammatory responses by these cells, thus

limiting the development of host disease (Huang et al., 2019). We

cannot rule out that part of the observed effects after metformin

treatment are due to the inhibition of PPAR-g, resulting in

increased lung inflammation and morbidity following influenza

A infection.

Taken together, our results demonstrate that a fully inactivated

mucosal bacterial vaccine, used to prevent recurrent respiratory

viral (and bacterial) infections, induces trained immunity andmay

be protective through this mechanism. As these vaccines are

generally formulated with the species of bacteria that cause

frequent infections, they intrinsically contain bacterial antigens

together with properly trained immunity inducers. Therefore,

they may be ascribed to the recent notion of trained immunity-

based vaccines (TIbV) (reviewed by Sánchez-Ramón et al.,

2018). These vaccines may confer broad protection against

different pathogens also enhancing antigen-specific responses

(Cirauqui et al., 2018). While trained immunity may be modulated

by particular host-pathogen interactions (Peignier and Parker,

2020), the potential of mucosal TIbV may be of especial interest

in mucosal infections where concomitant pathogens, such as

viruses and bacteria, are frequently involved (Mallia et al., 2012).

Limitations of the study
Although this study focused on assessing the ability of MV130 to

induce trained immunity, MV130 is a complexmixture of bacteria

in which the relevance of each bacterial species has not been

explored. This is a limitation of the present study in terms of un-

derstanding the true contribution of individual bacteria and the
Cell Reports 38, 110184, January 4, 2022 9
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mechanisms of induction that may be operating in this model.

Moreover, we have not dissected the molecular moieties that

could be mediating trained immunity in this polybacterial prepa-

ration or the immune cell receptor(s) on which they are acting.

Further characterization of the system deserves future research.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Mouse strains

B Cell lines

B Microorganisms

B Human samples

d METHODS DETAILS

B Murine infection models

B Lung and trachea viral titer

B Lung characterization

B Blood analysis

B Sorting of mouse MPPs

B Trained immunity in BMDM

B Ex vivo stimulation of BM cells

B Trained immunity in human monocytes

B Cell preparation for ATAC-Seq

B ATAC-seq data analysis

B Seahorse assay of human monocytes

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Statistical analysis

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

celrep.2021.110184.

ACKNOWLEDGMENTS

We are grateful to members of the D.S. laboratory for discussions and critical

reading of the manuscript. We thank the CNIC facilities and personnel for

assistance. P.B. is funded by grant BES-2014-069933 (‘‘Ayudas para Contra-

tos Predoctorales para la Formación de Doctores 2014’’) from the Spanish

Ministry of Economy, Industry and Competitiveness (MINECO). L.C. was a

recipient of a European Respiratory Society Fellowship (RESPIRE2-2013-

3708). G.D. is supported by a European Molecular Biology Organization

Long-term Fellowship (ALTF 379-2019). This project has received funding

from the European Union’s Horizon 2020 research and innovation programme

under the Marie Sk1odowska-Curie grant agreement No. 892965. Work in the

D.S. laboratory is funded by the CNIC; by the European Research Council

(ERC-2016-consolidator grant 725091); by the European Commission

(635122-PROCROP H2020); by Ministerio de Ciencia e Innovación (MICINN),

Agencia Estatal de Investigación (AEI), and Fondo Europeo de Desarrollo

Regional (FEDER) (SAF2016-79040-R); by AEI (PID2019-108157RB); by Co-

munidad de Madrid (B2017/BMD-3733 Immunothercan-CM); by FIS-Instituto

de Salud Carlos III, MICINN and FEDER (RD16/0015/0018-REEM); by a collab-

oration agreement with Inmunotek; by Atresmedia (Constantes y Vitales prize);
10 Cell Reports 38, 110184, January 4, 2022
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-mouse CD45.2 eBioscience Cat#558702; RRID: AB_1645215

FITC anti-mouse CD11b BD Biosciences Cat#11-0112-85; RRID: AB_464936

PE anti-mouse Ly6G BD Pharmingen Cat#551461; RRID: AB_394208

PerCP-Cy 5.5 anti-mouse Ly6C eBioscience Cat#45-5932-82 RRID:

AB_2723343

V450 anti-mouse CD45.2 BD Biosciences Cat#560697; RRID: AB_1727495

FITC Rat anti-mouse I-A/I-E BD Pharmingen Cat#553623; RRID: AB_394958

PE/Cy7 anti-mouse CD11b BD Pharmingen Cat#552850; RRID: AB_394491

PerCP-CyTM5.5 anti-mouse CD11c BD Biosciences Cat#560584; RRID: AB_1727422

AlexaFluor 657 anti-mouse SiglecF BD Pharmingen Cat#562680; RRID: AB_2687570

FITC anti-mouse CD3e Tonbo Cat#35-0031-U100; RRID: AB_2621659

PE/Cy7 anti-mouse CD4 Biolegend Cat#100528; RRID: AB_312729

V450 Rat anti-mouse CD8a Beckton Dickinson Cat#560469; RRID: AB_1645281

APC anti-mouse CD25 TonboBio Cat#20-0251-U100; RRID: AB_2621567

PE anti-mouse CD4 (GK1.5) TonboBio Cat#50-0041-U100; RRID: AB_2621736

PE-Cyanine7 anti-mouse CD45R (B220) Thermofisher Cat# 14-0452-82; RRID: AB_467254

Brilliant Violet 605TM anti-mouse/human

CD11b

eBioscience (LabClinics) Cat# 101237; RRID: AB_11126744

FITC anti-mouse Ly6C BD Biosciences Cat# 561085; RRID: AB_10584332

APC anti-mouse/rat Ly6g BD Biosciences Cat# 560599; RRID: AB_1727560

PE Rat anti-mouse CD117 BD Pharmigen Cat# 553355; RRID: AB_394806

PE-Cy7 Rat anti-mouse Ly-6A/E BD Pharmigen Cat# 558162; RRID: AB_647253

Biotin Mouse Lineage Panel BD Pharmigen Cat# 559971; RRID: AB_10053179

APC-Cy7 anti-mouse CD48 Biolegend Cat# 103431; RRID: AB_2561462

Brilliant Violet 605TM anti-mouse CD150 Biolegend Cat# 115927; RRID: AB_11204248

Brilliant Violet 650TM anti-mouse CD11c Biolegend Cat# 117339; RRID: AB_2562414

BV421 Rat anti-mouse CD103 BD Biosciences Cat# 562771; RRID: AB_2737783

Brilliant Violet 711TM anti-mouse Ly-6C Biolegend Cat# 128037; RRID: AB_2562630

Anti-Mouse CD45 APC-eFluor� 780 eBioscience Cat# 47-0451-82; RRID: AB_1548781

PERCP/Cy5.5 anti-mouse CD8a Biolegend Cat# 100734; RRID: AB_2075238

PE/Cy7 anti-mouse CD4 Biolegend Cat# 100421; RRID: AB_312706

BV786 Rat anti-mouse CD45R/B220 BD Biosciences Cat# 563894;RRID: AB_2738472

BV786 Rat Anti-Mouse CD90.2 BD Biosciences Cat#740841; RRID: AB_2740495

PE/Cy7 anti-mouse CD24 Biolegend Cat# 101822; RRID: AB_756048

PerCP/Cy5.5 anti-mouse F4/80 Biolegend Cat# 123128;RRID: AB_893484

Alexa Fluor� 700 anti-mouse I-A/I-E [M5/

114.15.2]

BioLegend Cat# 107622; RRID: AB_493727

FITC anti-mouse/rat Foxp3 FJK-16s eBioscience Cat#11-5773-82; RRID: AB_465243

Hoechst 33258 ThermoFisher Cat# H3569; RRID: AB_2651133

anti-mouse CD16/CD32, clone 2.4G2 Tonbo Cat# 70-0161; RRID: AB_2621487

Bacterial and virus strains

Western Reserve (WR) strain Vaccinia virus

(VACV)

(Iborra et al., 2016) N/A

Influenza A/Puerto Rico/8/34 (Iborra et al., 2016) N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Candida albicans (strain SC5314, clinical

isolate)

(Saz-Leal et al., 2018) N/A

Biological samples

Buffy coats Andalusian Biobank N/A

Chemicals, peptides, and recombinant proteins

Metformin hydrochloride Sigma-aldrich PHR1084

Pargyline hydrochloride Sigma-aldrich P8013

50-Deoxy-50-(methylthio)adenosine Sigma-aldrich D5011

LPS-EK Invivogen tlrl-eklps

Oligomycin Sigma Cat# O4876

FCCP Sigma Cat# C2920

Rotenone Sigma Cat# R8875

Antimycin A Sigma Cat# A8674

DMEM Gibco, Life Technologies Cat#D5030

RPMI 1640 Media Gibco, Life Technologies Cat#61870150

PBS 1X pH 7.2 Gibco, Life Technologies Cat#20012-019

Liberase TL Roche Cat#5401020001

TMB Stop Solution SeraCare Cat#5150-0020

IFNg BD PharmingenTM Cat#554587

Critical commercial assays

Mouse TNFa Elisa Kit BD OptEIA Cat#555268

Human IL-6 DuoSet Elisa R&D Systems Cat#DY206-05

Human TNFa DuoSet Elisa R&D Systems Cat#DY210

Lactate assay kit Sigma Cat#MAK064

Illumina Tagment DNA Enzyme and Buffer Illumina Cat# 20034197

MinElute PCR Purification Kit (250) Quiagen Cat# 28006

AMPure XP Beckman Cat#A63880

Streptavidin Microbeads Miltenyi Cat# 130-048-101

LS Columns Miltenyi Cat# 130-042-401

NEBNext� High-Fidelity 2X PCR Master

Mix

New Englands BioLabs M0541S

Deposited data

Raw data files for ATAC sequencing NCBI Gene Expression Omnibus GEO: GSE183721

Experimental models: Cell lines

CV1 CSIC/Autónoma University N/A

L929 (Saz-Leal et al., 2018) N/A

Experimental models: Organisms/strains

C57BL/6 The Jackson Laboratory RRID: IMSR_JAX:000664

B6.129S7-Rag1tm1Mom/J The Jackson Laboratory RRID: IMSR_JAX:002216

Ccr2-/- mice (B6 background) Kindly supplied by Dr. F. Tacke (RW-TH-

University Hospital Aachen, Germany)

N/A

Oligonucleotides

Adaptors for ATAC-Seq, see Table S1 (Buenrostro et al., 2015) N/A

Software and algorithms

FlowJo Flowjo https://www.flowjo.com/

Graph Prism GraphPad https://www.graphpad.com/

Microsoft Excel Microsoft https://products.office.com/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

FastQC Babraham Bioinformatics https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

Cutadapt (Martin, 2011) https://cutadapt.readthedocs.io/en/stable/

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

MACS3 (Zhang et al., 2008) https://github.com/macs3-project/MACS

HOMER (Heinz et al., 2010) http://homer.ucsd.edu/homer/

DiffBind (Stark and Brown, 2011) https://bioconductor.org/packages/

release/bioc/html/DiffBind.html

GSEA (Subramanian et al., 2005) https://www.gsea-msigdb.org

MSigDB (Hallmark gene set collection) (Liberzon et al., 2015) https://www.gsea-msigdb.org/gsea/

msigdb/

Other

Excipient Inmunotek N/A

MV130 Inmunotek N/A

Canto HTS BD Biosciences N/A

Fortessa BD Biosciences N/A

Aria Cell Sorter BD Biosciences N/A

Qubit� fluorometer Life Technologies N/A

Bioanalyzer Agilent N/A

NextSeq 2000 System Illumina N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Sancho (dsancho@cnic.es).

Materials availability
This study did not generate new unique reagents. All requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact author. All reagents will be made available on request after completion of a Materials Transfer

Agreement.

Data and code availability

dATAC-Seq data have been deposited at NCBI’s Gene Expression Omnibus and are publicly available as of the date of publica-

tion. Accession number is listed in the key resources table.

dThis paper does not report original code.

dAny additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
Mice were bred at the CNIC and UCSF specific pathogen-free conditions. Mouse strains include C57BL/6 mice, Rag1�/�

mice (B6.129S7-Rag1tm1Mom/J) both from The Jackson Laboratory and Ccr2 �/� mice (B6 background) that were kindly

supplied by Dr. F. Tacke (RW-TH-University Hospital Aachen, Germany). We used 7- to 10-week-old female mice for viral infec-

tion models as sex-associated phenotypical differences have been described in response to viral infections (Geurs et al., 2012).

For the other experimental procedures both male and female age-matched mice were equally used. All animal procedures

were approved by the local ethics committee and complied with the EU Directive 2010/63EU and Recommendation 2007/

526/EC regarding the protection of animals used for experimental research, enforced in Spanish law under Real Decreto

1201/2005.
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Cell lines
The CV-1 cell line, used for the determination of the lung viral titer, was a gift from M. del Val (CSIC/Autónoma University, Madrid,

Spain). It was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma) supplemented with 10% heat-inactivated fetal

calf serum (FCS, Sigma), 100 U/mL penicillin and 100 mg/mL streptomycin (both from Lonza) at 37�C and 5% CO2. CV-1 cells

were seeded in monolayers on 24-well plates (Corning) and left 24 h before viral infection.

The L929 cell line (ATCC CCL-1TM), used for the production of the M-CSF supernatant, was grown on 175 cm2 cell culture flasks

(Stemcell) and cultured in RPMI 1640 (Sigma) supplemented with 10% heat-inactivated fetal calf serum (FCS, Sigma), 1mMpyruvate

(Lonza), 100 mM non-essential amino acids (Thermo Fisher Scientific), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/mL strepto-

mycin (all three from Lonza) and 50 mM 2-mercaptoethanol (Merck, Darmstad, Germany), herein called R10. Supernatants were

obtained by filtering 15-days long cultures through 0.22 mm Stericup Filter units (Merck Millipore) and were used to subsequently

supplement the medium for the generation of bone marrow derived macrophages.

Microorganisms
Western Reserve (WR) strain Vaccinia virus (VACV) was kindly provided by J.W. Yewdell and J.R. Bennink (NIH, Bethesda, Maryland,

USA). Stocks were generated in CV-1 cell line monolayers and subsequently used as clarified sonicated cell extracts.

Influenza A/Puerto Rico/8/34 (flu PR8) virus was a gift from E. Nistal-Villán (San Pablo CEU University, Madrid, Spain).

Candida albicans (strain SC5314, clinical isolate) was kindly provided by Prof. C. Gil (Complutense University, Madrid, Spain).

The fungus was grown on yeast extract-peptone-dextrose (YPD)-agar plates (Sigma) at 30�C for 48 h to maintain the degree of

virulence.

Human samples
Buffy coats from healthy adult volunteers, of unspecified age and gender, were obtained from the Andalusian Biobank after approval

by the local Instituto de Salud Carlos III (ISCIII) Research Ethics Committee (PI 47_2018). Human peripheral blood mononuclear cells

(hPBMCs) were isolated by differential centrifugation using Biocoll Separating Solution (Cultek). Cells were washed twice with phos-

phate-buffered saline (PBS, Gibco) and total hPBMCs were resuspended in Roswell Park Memorial Institute (RPMI) 1640 (Sigma).

Cells were counted in aCASY cell counter (Innovatis AG) and 53 10 5 cells were plated in 96-well plates (Corning, 100 mL final volume)

whereas 153 106 cells were plated in 10cmPetri dishes (Greiner), incubated at 37�C and 5%CO2 for 1 h and then washed with warm

PBS. Remaining adherent cells, mainly monocytes (10% approximately, 5 3 104 cells/well and 1.5 3 106 cells/plate) were kept in

RPMI 1640 (Sigma) supplemented with 10% FCS, 2 mM L-glutamine (Lonza), 100 U/mL penicillin and 100 mg/mL streptomycin

and used for the experiments described below.

METHODS DETAILS

Murine infection models
For viral infection models, WT mice were intranasally (i.n.) challenged with 50 mL of MV130 (300 Formazin Turbidity Units

[FTU]/mL � 109 bacteria/mL) or excipient 3 times a week for 3 weeks. One week after the last challenge, mice were i.n. infected

with 50 mL of VACV WR (5 3 104 plaque-forming units -PFU- per mouse) or influenza virus A/Puerto Rico/8/1934 (PR8) (2 3

103 PFU per mouse), both diluted in sterile PBS, and mice monitored daily for weight, general health, and survival, following the insti-

tutional guidance. For metformin inhibition experiments, WT mice were intranasally (i.n.) challenged as described above 3 times a

week for 2 weeks, and the pharmacological inhibitor metformin hydrochloride (Sigma) was administered ad libitum in drinking water

(0.3 mg/mL of water, corresponding to an approximate dose of 72 mg/Kg per day) from 1 day before the first MV130/excipient chal-

lenge to four days after the last dose.

In the case of Candida albicans infection model, mice were i.n. trained with 50 mL of MV130 (300 FTU/mL � 109 bacteria/mL)

or excipient on days �7 and �4. At day 0, mice were intravenously infected with 3 3 105 (WT mice) or 105 (Rag1-deficient mice)

C. albicans and monitored daily for general health, and survival, following the institutional guidance.

Lung and trachea viral titer
In order to determine lung and trachea viral titers, mice were sacrificed with a lethal dose of Dolethal (100 mg/Kg) and whole lungs

were perfused with cold PBS. Both Lungs and trachea were harvested, kept in DMEM (1mL for lung and 0.5mL for trachea) and cut in

small pieces before freezing. Both organs were frozen and thawed twice, sonicated for 3 min and serially diluted in DMEM. Culture

mediumwas removed fromCV-1-containing wells and 200 mL of dilution was added. After the first hour, 500 mL of fresh CV-1medium

was additionally provided. 36 h later, supernatant was removed, and wells were stained for 5 min with crystal violet solution (0.5%

crystal violet [Sigma], 10%methanol [Sigma] and 1% paraformaldehyde [Merck] in deionized water) and washed. Viral plaques were

counted, and data are shown as log10.

Lung characterization
Mice were sacrificed with a lethal dose of Dolethal (100mg/Kg) and perfused with cold PBS. Harvested lungs were collected in RPMI,

cut into small pieces, and enzyme digested with Liberase TM (Sigma-Aldrich) for 30 min at 37�C. Cells were passed through a 70 mm
e4 Cell Reports 38, 110184, January 4, 2022
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cell strainer (Falcon) and washed with flow cytometry buffer. After red blood cell lysis, cells were centrifuged, resuspended in cold

flow cytometry buffer and stained for flow cytometry analysis.

Blood analysis
Murine blood was collected via submandibular bleeding, in EDTA-coated tubes both before and 2 days after the last challenge with

MV130/excipient. Cells were lysed with red blood cell lysis twice for 5 min. After centrifugation cells were resuspended in cold flow

cytometry buffer and stained for flow cytometry analysis of CD11b+ Ly6Chi monocytes.

Sorting of mouse MPPs
Mice were sacrified in a CO2 chamber to collect femurs and tibia that were subsequently flushed with cold PBS to harvest bone

marrow. RBC lysis was performed once for 3 min followed by enrichment of Lineage negative (Lin�) cells. For that, cells were incu-

bated in cold flow cytometry buffer with a panel of biotinylated antibodies against lineage committed cells (CD3, CD45R, CD11b, Ter-

119, Gr-1 all biotinylated and from BD Pharmigen. After washing, cells were incubated with streptavidin magnetic beads (Miltenyi)

and passed through LS columns (Miltenyi). Thus, collected cells were stained with Sca-1, c-kit (CD117), CD48, CD150 antibodies

and with the viability marker Hoechst 33258 prior to be sorted by FACS Aria II for further ATAC-Sequencing analysis. MPPs were

identified as Lin-c-kit+ sca-1+ CD48+ CD150- cells.

Trained immunity in BMDM
MV130 and excipient pretreated mice were sacrificed in a CO2 chamber to collect femurs and tibia that were subsequently flushed

with cold PBS to harvest bone marrow. RBC lysis was performed once for 3 min at room temperature (RT). To obtain BMDM,

following an already published paper (Saz-Leal et al., 2018), cell suspensions were plated in non-treated cell culture plates (Corning)

in R10, plus M-CSF (30%mycoplasma-free L929 cell supernatant) at 37�C for 5 days. At day 5, BMDMwere detached in phosphate

buffered saline (PBS, Gibco) supplemented with 5 mM EDTA (PBS/EDTA, Life Technologies), counted and subsequently plated in

R10, at equal number (105 cells per well) in 96-well plates (200-mL final volume, Corning) and rested overnight. Then, cells were

primed with 25 ng/mL IFNg (BD Biosciences, San Jose, CA) for 24h. After that, cells were washed and stimulated with R10 or

1 mg/mL check Escherichia coli LPS (EK, Invivogen, San Diego, CA) overnight. Supernatants were subsequently collected for

TNFa measurement by ELISA (Mouse TNFa Opteia ELISA kit, BD Biosciences).

Ex vivo stimulation of BM cells
Bone marrow single cell suspension was obtained from femurs of MV130 or excipient pretreated mice, as described above.

Afterward, cells were cultured in R10, counted and plated at equal number (105 cells/well) in 96-well flat bottom wells. Following

an already published protocol (Christ et al., 2018) cells were incubate for 6 h with LPS (10ng/ml; TLR4 ligand) or with R10 as

control and TNF-a levels were subsequently measured in the supernatants by ELISA (Mouse TNFa Opteia ELISA kit, BD

Biosciences).

Trained immunity in human monocytes
Plated human monocytes were stimulated at day 0 with MV130 (2 3 104 bacteria/well) or excipient in a final volume of 200 mL for

24 h, washed with fresh medium and rested. On day 7, cells were washed again and further stimulated with 1 mg/mL LPS for

24 h and supernatants were collected for TNF-a and IL-6 measurement by ELISA, following manufacturer’s instructions (Human

TNF-a DuoSet and Human IL-6 DuoSet, both from R&D Systems). When required, cells were pre-treated with the epigenetic

inhibitors 50-Deoxy-50-(methylthio) adenosine (MTA) (1 mM) or pargyline (3 mM) 60 min prior to MV130/excipient stimulation.

To explore the metabolic status of the cells, after the challenge with MV130 or excipient, and always prior to LPS stimulation,

supernatants were collected at days 1 and 7 and lactate concentration was determined by Lactate Assay Kit (Sigma-Aldrich),

following manufacturer’s instructions.

Cell preparation for ATAC-Seq
For ATAC-sequencing, 30.000 flow sorted mouse MPPs, obtained pooling two biological replicates for every condition and

50.000 human monocytes, were collected in ice-cold Flow cytometry buffer, and immediately processed following previously

published protocols (Buenrostro et al., 2015). In particular, cells were resuspended and spun down in 25 mL cold lysis buffer

at 500 3 g for 20 min at 4�C. Afterward, the transposition reaction was started by adding Nextera’s Tn5 Transposase in reaction

buffer. The transposition reaction mix was incubated for 30 min at 37�C, and DNA was purified using a Quiagen MinElute PCR

purification kit. ATAC-seq libraries were generated using different adaptors (Table S1) from a previously published paper (Buen-

rostro et al., 2015) and were purified using a PCR purification MinElute kit (Qiagen). Afterward, AMPure XP beads (Beckman)

were used for size selection of the libraries, which have been subsequently quantified using a Qubit fluorometer (ThermoFisher

Scientific). Libraries size and quality were assessed using a 2100 Bioanalyzer instrument (Agilent). Finally, Libraries were

sequenced 2 3 50 in a paired end flowcell (PE) run on Illumina NextSeq 2000 System. (Illumina). NGS experiments were per-

formed in the Genomics Unit of the CNIC.
Cell Reports 38, 110184, January 4, 2022 e5
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ATAC-seq data analysis
Sequencing reads were pre-processed by means of a pipeline that used FastQC, to assess read quality, and Cutadapt to trim

sequencing reads, eliminating Illumina and Nextera transposase adapter contaminations, and to discard reads that were shorter

than 30 bp. Resulting reads were then mapped against reference genomes GRCm38/MM10 or GRCh38/HG38, for mouse and hu-

man samples, respectively, with a pipeline that used bowtie2 as aligner, Piccard to mark duplicate alignments, and samtools to elim-

inate duplicate, chimeric and sub-optimally multi-mapped alignments, keeping only properly paired and mapped reads. Alignments

against the mitochondrial genome or the chromosome Y were also removed. The final number of correctly aligned, filtered read pairs

was between 8 and 17million for mouse samples, and between 17 and 24million for human samples. TSS enrichment values, calcu-

lated with HOMER’s annotatePeaks function had values between 21 and 25 for mouse samples, and between 15 and 22 for human

samples. Once filtered alignments had been obtained, peaks (accessible DNA regions) were called with MACS3, using parameters

"–nomodel –shift�100 –extsize 20000, and "-q 0.0500 as the false discovery rate cut-off. The numbers of peaks detected were between

47 and 63 thousand formouse samples, and between 24 and 37 thousand for human samples. Next, filtered alignments and peaks, in

bam and bed formats, respectively, were processedwith the R package DiffBind to define consensus sets of 58,474 peaks for mouse

samples, and 34,049 peaks for human samples. DiffBind was also used to recalculate read coverage for consensus peaks and to

normalize peak coverage signal intensity across samples, to calculate logFC values between condition-averaged intensities, and

to identify differentially accessible regions (DARs) in the activated condition versus the non-activated one, using EdgeR as analysis

method, and taking into account that human samples were paired. The fraction of reads in peaks (FRiP score), as calculated by Diff-

Bind, was around 0.25 for mouse samples, and around 0.12 for human samples. Correlation analyses based on the signal intensity of

consensus peaks indicated that samples clustered correctly by condition (Figures S4C and S5B). The number of DARs (with FDR

<0.1) was 246 for mouse samples, and 649 for human samples (Figures S4B and S5A). Because the number of DARs detected in

both mouse and human assays was relatively low, we decided to rely on GSEA to obtain functional information from ATAC-Seq re-

sults. To this end, we used HOMER to identify the closest gene to each consensus peak; then, the resulting gene lists were ranked

according to the logFC value of associated peaks; finally, GSEA preranked was used to identify Hallmark gene sets from the Molec-

ular Sigatures database (MSigDB) that were significantly enriched in genes that had been associated to open chromatin regions with

extreme logFC values (positive or negative). Other data manipulations and graphical representations (bar and volcano plots) were

produced with R.

Seahorse assay of human monocytes
Real-time Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) in human monocytes were determined

with an XF-96 Extracellular Flux Analyzer (Seahorse Bioscience). Seahorse cell culture plates (Agilent) were coated with 22.4mg/

ml Cell-Tak for 20 min at room temperature. Human monocytes, obtained as previously described, were plated in 10cm Petri

dishes (Greiner) and stimulated at day 0 with MV130 (3 3 106 bacteria/plate) or excipient in a final volume of 10 mL. After 24 h

they were washed and left resting. At day 5 cells were detached, resuspended in Seahorse assay medium (DMEM, 100mg/ml

penicillin, 100 mg/mL streptomycin, 2mM glutamine, 25mM glucose, 1mM pyruvate) pH 7.4 and subsequently plated onto Sea-

horse cell culture plates in triplicates. Seahorse cartridges were hydrated overnight in distilled water and calibrated for 1 h in

Seahorse XF Calibrant solution in a non-CO2-corrected incubator at 37�C. Seahorse assay was run using the Mito Stress pro-

tocol. Briefly, the following inhibitors were added to the seahorse cartridge consecutively: Port A - 1mM oligomycin; Port B -

1mM FCCP; Port C - 1mM rotenone and 1mM antimycin A. OCR and ECAR were analyzed using the Mito Stress protocol

with 3 measurements before inhibitor injection, and 3 measurements upon each subsequent injection. Basal respiration rate

(BRR) was defined as OCR before inhibitor addition. Maximal respiration rate (MRR) was defined as the OCR after addition

of FCCP. Spare respiration capacity (SRC) was defined as the difference between MRR and BRR. ECAR was measured in

the absence of inhibitor.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Mice were included in the studies in a blindmanner and randomly assigned to receiveMV130 or excipient (1:1 simple randomization).

The same procedure was used to allocate mice to different groups in the presence of metformin.

Sample size was calculated according to a previously performed pilot study to determine the infective dose of different pathogens

and the protective ability of MV130 vaccine. For the Influenza infection experiments, we considered two independent study groups

with a dichotomous primary endpoint represented by mortality. As statistical parameters, we chose an anticipated incidence of 50%

for one group and 5% for another one, an alpha error of 0.05 and a power of 0.8. For the experiments involving Vaccinia infection, we

considered two independent study groups with a continuous primary endpoint represented by the percentage of weight loss. As sta-

tistical parameters we chose an anticipatedmeans of 20 and 15%of weight decrease with a standard deviation of 2, an alpha error of

0.05 and a power of 0.8.

For C. albicans experiments, we considered two independent study groups with a dichotomous primary endpoint represented by

mortality. As statistical parameters we chose an anticipated incidence of 60% for one group and 20% for another one, an alpha error

of 0.05 and a power of 0.8. In the experimental models, the distribution normality of data was evaluatedwith the Kolmogorov-Smirnov
e6 Cell Reports 38, 110184, January 4, 2022
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(KS) test. Differences in weight loss betweenMV130 and excipient groups were compared using a two-way ANOVA test, followed by

multiple comparisons corrected using Bonferroni statistical hypothesis testing. Survival curveswere comparedwith log rank (Mantel-

Cox) test. Two-tailed unpaired Student’s t test was generally used to evaluate statistical significance between two conditions, except

for the Seahorse assay of human monocytes in which paired Student’s t test has been applied. In vitro experiments with human

monocytes were evaluated using RM one-way ANOVA with the Geisser-Greenhouse correction with Fisher’s LSD test. Differences

were considered significant at P < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001). (Prism 9, Graph-Pad Software). The statistical test used

and the definition of n, are indicated in figure legends.
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Figure S1. Viral load in both trachea and lung on day 2 post VACV infection, related 

to Figure 1. Mice were treated with MV130 or excipient and after one week of resting 

they were infected with VACV intranasally. Viral titers were compared using an 

unpaired student’s t test. Results from a pool of 2 independent experiments (n=13 

excipient and n=14 MV130 mice) 
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Figure S2. Flow cytometry gating strategy for the analysis of myeloid and lymphoid 

cell populations in the lung, related to Figure 2. MV130 or its excipient were 

intranasally administered in WT mice and single cell suspensions of the lungs were 

analyzed by flow cytometry for the indicated markers. A representative experiment is 

shown. 
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Figure S3. Analysis of blood Ly6Chi inflammatory monocytes in WT and Ccr2-deficient 

mice, related to Figure 3. Blood from WT and Ccr2-deficient mice was analyzed both in 

steady state conditions and 2 days after last challenge with MV130 or its excipient to 

check the absolute number of Ly6Chi monocytes. One representative experiment is 

shown. Data were compared using an unpaired student’s t test.  (n=5 for untreated 

animals from both groups; n=5 WT and n=9 ccr2-deficient mice for the excipient group; 

n=5 WT and n=10 ccr2-deficient mice for the MV130 group (****P<0.0001, Student’s t 

test) 
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Figure S4. Analysis of bone marrow cells, related to Figure 4. 

A. Flow cytometry gating strategy for sorting of myeloid progenitors (MPPs) from 

bone marrow of mice treated i.n. with MV130 or its excipient 

B. Smooth MA plot for 58,474 consensus peaks, representing chromatin 

accessible regions, defined after processing ATAC-Seq data from mice BM 

MPPs, one week after the last challenge with MV130 or its excipient. Purple 

dots represent 246 differentially accessible regions (DARs, FDR < 0.1) in a 

treatment versus control comparison. Positive logFC values indicate increased 

chromatin accesibility upon treatment.  

C. Pearson’s correlation heatmap of MV130 and excipient samples, based on the 

normalized signal intensity of 246 DARs. Samples B1 and B2 are treated 

samples, and samples E1 and E3 are controls.   

D. TNFα production by total bone marrow cells coming from mice treated with 

MV130 or excipient. Mice were treated with excipient or MV130 i.n. and 1 

week after the last challenge total bone marrow cells were restimulated with 

LPS. Subsequently TNFα levels were measured in the supernatants by ELISA. 

Results from a pool of 2 independent experiments are shown (n=9 for both 

conditions).  
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Figure S5. Analysis of ATAC-Seq data from human monocytes, related to Figure 5. 

A. Smooth MA plot for 34,049 consensus peaks, representing chromatin accesible 

regions, defined after processing ATAC-Seq data from human monocytes 5 days 

after challenge with MV130 or its excipient. Purple dots represent 649 

differentially accessible regions (DARs, FDR < 0.1) in a treatment versus control 

comparison. Positive logFC values indicate increased chromatin accesibility 

upon treatment. 

B. Pearson’s correlation heatmap of MV130 and excipient samples, based on the 

normalized signal intensity of 649 DARs. Samples MV130A to MV130C are 

treated samples, and samples EtcA to EtcC are controls. 
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Table S1: List of adaptors used in this study, related to the STAR Methods. 

Oligonucleotides Source Identifier 

i5; all samples; Ad1_noMX; 
AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGT
CAGATGTG 

(Buenrostro 
et al., 2015) 

N/A 

i7; mouse Exc1; 
Ad2.1_TAAGGCGACAAGCAGAAGACGGCATACGAGATTCGCC
TTAGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; mouse Exc2; 
Ad2.2_CGTACTAGCAAGCAGAAGACGGCATACGAGATCTAGT
ACGGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; mouse MV130_1; 
Ad2.3_AGGCAGAACAAGCAGAAGACGGCATACGAGATTTCTG
CCTGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; mouse MV130_2; 
Ad2.4_TCCTGAGCCAAGCAGAAGACGGCATACGAGATGCTCA
GGAGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; human Exc_A; 
Ad2.7_CTCTCTACCAAGCAGAAGACGGCATACGAGATGTAGA
GAGGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; human MV130_A; 
Ad2.8_CAGAGAGGCAAGCAGAAGACGGCATACGAGATCCTCT
CTGGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; human Exc_B; 
Ad2.9_GCTACGCTCAAGCAGAAGACGGCATACGAGATAGCGT
AGCGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; human MV130_B; 
Ad2.10_CGAGGCTG_CAAGCAGAAGACGGCATACGAGATCAG
CCTCGGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; human Exc_C; 
Ad2.11_AAGAGGCA_CAAGCAGAAGACGGCATACGAGATTGC
CTCTTGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 

i7; human MV130_C; 
Ad2.12_GTAGAGGA_CAAGCAGAAGACGGCATACGAGATTCC
TCTACGTCTCGTGGGCTCGGAGATGT 

(Buenrostro 
et al., 2015) 

N/A 
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