
ll
OPEN ACCESS
iScience

Article
Mycobacterium manresensis induces trained
immunity in vitro
Miquel de

Homdedeu, Lidia

Sanchez-Moral,

Concepció Violán,
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Jordana Muñoz-Basagoiti,11 Nuria Izquierdo-Useros,11,12 Betlem Salvador,4 Joan Matllo,13
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Rosa Morros,4 Ramon Monfà,4 Maria-Rosa Sarrias,1,20,23,* and Pere-Joan Cardona2,3,18,19,*
1Innate Immunity Group,
Germans Trias i Pujol
Research Institute (IGTP),
08916 Badalona, Spain

2Experimental Tuberculosis
Unit, Germans Trias i Pujol
Research Institute (IGTP),
08916 Badalona, Spain

3Department of Genetics and
Microbiology, Autonomous
University of Barcelona (UAB),
08193 Bellaterra, Spain

4Jordi Gol University
Research Institute in Primary
Care, 08007 Barcelona, Spain

5North Metropolitan
Research Support Unit, Jordi
Gol University Research
Institute in Primary Care
(IDIAP Jordi Gol), Mataró,
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SUMMARY

The COVID-19 pandemic posed a global health crisis, with new severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) variants weakening vaccine-
driven protection. Trained immunity could help tackle COVID-19 disease. Our
objective was to analyze whether heat-killed Mycobacterium manresensis
(hkMm), an environmental mycobacterium, induces trained immunity and con-
fers protection against SARS-CoV-2 infection. To this end, THP-1 cells and
primary monocytes were trained with hkMm. The increased secretion of tumor
necrosis factor alpha (TNF-a), interleukin (IL)-6, IL-1b, and IL-10, metabolic activ-
ity, and changes in epigenetic marks suggested hkMm-induced trained immu-
nity in vitro. Healthcare workers at risk of SARS-CoV-2 infection were enrolled
into the MANRECOVID19 clinical trial (NCT04452773) and were administered
Nyaditum resae (NR, containing hkMm) or placebo. No significant differences
in monocyte inflammatory responses or the incidence of SARS-CoV-2 infection
were found between the groups, although NR modified the profile of circulating
immune cell populations. Our results show that M. manresensis induces trained
immunity in vitro but not in vivo when orally administered as NR daily for
14 days.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2), has led to a global health crisis.1 As of 27 July 2022, it has affected over 567 million

individuals and resulted in over 6.3 million deaths worldwide.2 In this context, although several clinical trials

have demonstrated promising results on the efficacy, safety, adverse events, and immunogenicity of avail-

able vaccines,3 new SARS-CoV-2 variants could evade such protection.4–7

Trained immunity, which comprises the functional reprogramming of innate immune cells (especially

monocytes and natural killer [NK] cells), may provide an alternative approach to tackle such variants.

Trained immunity is triggered by an initial stimulus, and it leads to an increased response to a second chal-

lenge.8 Although not fully understood, this functional reprogramming involves epigenetic, metabolic, and

transcriptional changes, which together boost the inflammatory and antimicrobial functions of innate im-

mune cells. The bacillus Calmette-Guérin (BCG) vaccine—the live-attenuated vaccine form of a virulent

isolate of Mycobacterium bovis (a bacterium closely related to Mycobacterium tuberculosis [Mtb], which

causes tuberculosis [TB])—has been shown to induce trained immunity in monocytes.9 BCG vaccination

has been routinely implemented in many countries worldwide and has brought about a reduction in TB inci-

dence in children and adults.10–12 In addition, BCG immunization was reported to induce protection

against other mycobacteria such asMycobacterium leprae13 andMycobacterium ulcerans.14 Interestingly,

initial studies showed that it also reduced the incidence of respiratory syncytial virus infection and hospi-

talization due to respiratory infection and sepsis in children in Guinea-Bisau15 and Spain,16 and conferred

protection from acute respiratory tract infections in the elderly in Indonesia.17 More recently, studies have

shown that BCG vaccination induces protection in experimental human infection with non-pathogenic,
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live-attenuated yellow fever vaccine virus18 and enhances immune responses to influenza vaccination,19

thereby providing direct evidence of the broad protection conferred by this vaccination. Additionally,

BCG vaccination was found to alter some of the clinical, immunological, and parasitological outcomes

of malaria infection in a subset of volunteers in a controlled human malaria infection clinical trial.20

Regarding COVID-19, since BCG was previously reported to protect against viral respiratory infections in

the elderly,17,21 over 30 clinical trials have been registered to determine whether BCG vaccination can

protect against COVID-19.22 Among these trials, results from A randomized Clinical Trial for enhanced

trained Immune responses through BCG vaccination to prevenT infEctions by COVID-19 (ACTIVATE-2)

suggest that BCG vaccination confers some protection against COVID-19 to patients with comorbidities

who are older than 50.23 Additionally, clinical trials specifically involving healthcare workers (HCWs) have

been performed, with the aim of ensuring patient care throughout the pandemic.24–30 Although no signif-

icant efficacy has yet been proven in HCWs,27–30 the BCG Vaccination to Reduce the Impact of COVID-19 in

Healthcare Workers (BRACE) trial indicated that BCG vaccination, but not placebo vaccination, modifies

key immunological parameters associated with severe COVID-19—findings that are consistent with a pro-

tective immune response.31

Nyaditum resae (NR) is a food supplement comprising heat-killed Mycobacterium manresensis (hkMm).

M. manresensis is an environmental mycobacterium that belongs to the Mycobacterium fortuitum com-

plex.32 NR has been shown to halt progression to active TB by increasing memory-specific T regulatory

(Treg) cells and interleukin (IL)-10 and reducing neutrophilic infiltration, as well as tumor necrosis factor

alpha (TNF-a), interferon (IFN) g, IL-6, and IL-17 production in the lungs.33,34 This mycobacterium also in-

duces a specific increase in the response of Treg cells, including memory cells in vitro, and it shows an

excellent safety profile in humans.35 Thus, treatment with M. manresensis may provide a potential

approach to reduce the severity of COVID-19. Furthermore,M. bovis, which is present in the BCG vaccine,

andM.manresensis are mycobacteria with a similar cell wall, built mainly on mycolic acids and that contains

a substantial proportion of trehalose dimycolate (TDM).36 Molecules like TDM have been identified as

potent immunomodulators, conferring significant heterologous resistance against infections, such as influ-

enza virus.37 Therefore, we hypothesized that hkMm may also induce trained immunity and show an

improved safety profile with respect to BCG and may therefore have the capacity to contribute to the man-

agement of the COVID-19 pandemic.

Here we addressed whether hkMm induces trained immunity in vitro and in vivo and assessed the impact of

oral uptake of NR on SARS-CoV-2 infection and the course of COVID-19 disease (namely, incidence,

severity, and absenteeism caused by the disease) in a cohort of highly exposed HCWs in Spain.
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RESULTS

hkMm induces trained immunity in the human monocytic THP-1 cell line

The human monocytic THP-1 cell line has been widely used to model the function and regulation of human

primary macrophages. Here we sought to establish a protocol of trained immunity in the THP-1 cell line

using heat-killed BCG (hkBCG) and test whether hkMm was also capable of inducing an equivalent

response. To this end, we examined two hallmarks of trained immunity, namely enhanced inflammatory

secretion and shift of macrophage metabolism toward glycolysis. The standardized protocol is shown in

Figure 1A. Initial priming of the macrophages with hkBCG or hkMm led to higher TNF-a, IL-6, and IL-1b

expression than in untrained cells when they were exposed to lipopolysaccharides (LPS) as secondary stim-

ulus (p = 0.0313, Figure 1B). Likewise, higher levels of TNF-a and IL-1b were observed when cells were chal-

lenged with heat-killed Staphylococcus aureus (hk S. aureus) and inactivated (In) SARS-CoV-2, respectively

(p = 0.0313, Figures 1C and 1D). In contrast, no differences were detected in IL-6 or IL-1b production when

cells were rechallenged with hkS. aureus, in TNF-a or IL-6 production when cells were rechallenged with

InSARS-CoV-2, or in TNF-a, IL-6, or IL-1b production after cells were stimulated with heat-killed

M. tuberculosis (hkMtb) and In swine influenza virus (SIV) H1N1 (data not shown). Regarding metabolic ac-

tivity, hkBCG- and hkMm-trained THP-1 cells showed increased levels of L(+)-Lactate (p = 0.0313, Fig-

ure 1E), although at this time point no differences in the expression of glycolytic enzymes were detected

(Figure S1A). Taken together, these results suggest that hkMm induces trained immunity in vitro in

THP-1 cells to the same extent as hkBCG. Furthermore, it is remarkable that when analyzing cell size,

hkBCG- and hkMm-trained THP-1 cells appeared to be larger than untrained cells (p = 0.0152 and p =

0.0087, respectively Figure S1B)—an effect that was previously observed for b-glucan and BCG training.38
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Figure 1. Increased inflammatory responses of THP-1 cells upon heat-killed M. manresensis training

(A) Schematic overview of trained immunity methodology in THP-1 cells. Production of cytokines after training and the

secondary stimulation with (B) 10 ng/mL LPS, (C) 5x106 cfu/mL hkS. aureus, and (D) 0.218 ng nucleocapsid/mL InSARS-

CoV-2.

(E) Levels of L(+)-Lactate in untrained (PBS) and hkBCG- and hkMm-trained monocytes. (n = 6, *p < 0.05, Wilcoxon

matched-pairs signed-rank test, mean G SEM). hkMm, heat-killedM.manresensis; hkBCG, heat-killed BCG; hkS. aureus,

heat-killed S. aureus; InSARS-CoV-2, inactivated SARS-CoV-2.

ll
OPEN ACCESS

iScience
Article
hkMm induces trained immunity in human primary monocytes

After confirming the capacity of M. manresensis to induce trained immunity in vitro in the monocyte-like

THP-1 cell line, we tested whether it could also induce trained immunity in primary monocytes. Like hkBCG

training, hkMm enhanced TNF-a, IL-6, and IL-1b production as compared to the control when monocytes
iScience 26, 106873, June 16, 2023 3
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Figure 2. Increased cytokine responses of primary monocytes upon heat-killed M. manresensis training

(A–E) Cytokines from the supernatant of cultured trained monocytes were measured by ELISA after the secondary stimulation with (A) 10 ng/mL LPS, (B)

5x106 cfu/mL hkS. aureus, (C) 106 cfu/mL hkMtb, (D) 0.218 ng nucleocapsid/mL InSARS-CoV-2, and (E) 104.29 TCID50/mL InSIV H1N1.

(F) Levels of L(+)-Lactate in untrained (PBS) and hkBCG- and hkMm-trained primary monocytes. (n = 5–11, *p < 0.05, **p < 0.01, ***p < 0.001, Wilcoxon

matched-pairs signed-rank test, mean G SEM; Spearman’s r and p values are shown in the right corner of the correlation plot). hkMm, heat-killed

M. manresensis; hkBCG, heat-killed BCG; hkS. aureus, heat-killed S. aureus; hkMtb, heat-killed M. tuberculosis; InSARS-CoV-2, inactivated SARS-CoV-2;

InSIV H1N1, inactivated SIV H1N1.
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Figure 3. Trained immunity by heat-killed M. manresensis generates epigenetic modifications

(A and B) Enrichment in (A) H3K4me3 and (B) H3K27ac in TNF-a, IL-6, and IL-1b gene promoters in untrained and hkBCG-

and hkMm-trained primary monocytes. Results are reported as enrichment of immunoprecipitated DNA relative to the

input (n = 3, Wilcoxon matched-pairs signed-rank test, mean G SEM).

(C) Correlation between H3K4me3 and H3K27ac epigenetic modifications in TNF-a, IL-6, and IL-1b gene promoters.

(Spearman’s r and p values are shown in the right corner of the plot). hkMm, heat-killed M. manresensis; hkBCG, heat-

killed BCG.
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were exposed to LPS (p = 0.001, p = 0.001, and p = 0.0156, respectively, Figure 2A) and hkS. aureus (p =

0.0313, p = 0.001, and p = 0.0078, respectively, Figure 2B) as inflammatory stimuli. In addition, hkMm-

trained monocytes showed greater TNF-a and IL-6 production when challenged with hkMtb as secondary

stimulus (p = 0.0313 and p = 0.0078, Figure 2C). However, stimulation with InSARS-CoV-2 and InSIV H1N1

had no effect on TNF-a, IL-6, and IL-1b production after the initial priming with hkBCG or hkMm (Figures 2D

and 2E). hkMm-trained primary monocytes rechallenged with LPS, hkMtb, and InSARS-CoV-2 showed an

increase in the production of IL-10, although this increase was not significant (Figures 2A–2E). Regarding

IL-1Ra, no differences were detected in its production by either hkBCG- or hkMm-trained primary mono-

cytes (Figures 2A–2E). With respect to metabolic activity, hkBCG- and hkMm-trained human monocytes

increased L(+)-Lactate production (p = 0.0156, Figure 2F). Taken together, these results indicate that

hkMm induces trained immunity in human primary monocytes in vitro by boosting metabolic functions

and inflammatory responses against LPS, hkS. aureus, and hkMtb.
hkMm induces epigenetic modifications in human monocytes

Next, we analyzed the epigenetic marks of TNF-a, IL-6, and IL-1b gene promoters, which have been pro-

posed as key elements mediating long-term enhanced responses in trained immunity with BCG.39 We

applied chromatin immunoprecipitation (ChIP) to study the histone modifications associated with

open/active chromatin, such as trimethylation of histone H3 at lysine 4 (H3K4me3) and acetylation of

histone H3 at lysine 27 (H3K27ac). Increased H3K4me3 and H3K27ac levels were found in the promoter

regions of TNF-a, IL-6, and IL-1b in primary monocytes trained with hkMm (Figures 3A and 3B, respec-

tively). These observations suggest that chromatin is more active in the promoter regions of proin-

flammatory genes, thus leading to an increased expression and responsiveness to secondary stimuli.
iScience 26, 106873, June 16, 2023 5



Table 1. Baseline characteristics of enrolled participants

Overall Placebo Nyaditum resae� p value

N (%) 317 103 214

Sex

Male 68 (21.5) 17 (16.5) 51 (23.8) 0.179

Female 249 (78.5) 86 (83.5) 163 (76.2)

Age (mean (SD)), years 45.31 (11.30) 45.93 (11.95) 45.01 (10.99) 0.499

Weight (mean (SD)), kg 69.64 (14.63) 68.83 (14.27) 70.03 (14.82) 0.494

Height (mean (SD)), cm 165.07 (9.03) 164.22 (8.69) 165.47 (9.18) 0.249

BMI (mean (SD)), kg/m2 25.50 (4.69) 25.50 (4.90) 25.50 (4.59) 0.997

Smoker status

Smoker 93 (29.3) 33 (32.0) 60 (28.0) 0.751

Ex-smoker 53 (16.7) 16 (15.5) 37 (17.3)

Non-smoker 171 (53.9) 54 (52.4) 117 (54.7)

Comorbidities

No 172 (54.3) 55 (53.4) 117 (54.7) 0.926

Yes 145 (45.7) 48 (46.6) 97 (45.3)

Number of comorbidities

0 172 (54.3) 55 (53.4) 117 (54.7) 0.830

1 39 (12.3) 16 (15.5) 23 (10.7)

2 83 (26.2) 26 (25.2) 57 (26.6)

3 18 (5.7) 5 (4.9) 13 (6.1)

4 4 (1.3) 1 (1.0) 3 (1.4)

5 1 (0.3) 0 (0.0) 1 (0.5)

Respiratory diseases 34 (10.7) 14 (13.6) 20 (9.3) 0.342

Asthma 28 (8.8) 9 (8.7) 19 (8.9) 1.000

COPD 1 (0.3) 1 (1.0) 0 (0.0) 0.708

Other respiratory diseases 5 (1.6) 4 (3.9) 1 (0.4) 0.071

Cardiovascular diseases 31 (9.8) 9 (8.7) 22 (10.3) 0.817

Hypertension 24 (7.6) 6 (5.8) 18 (8.4) 0.556

Other cardiovascular comorbiditiesa 8 (2.5) 4 (3.9) 4 (1.9) 0.491

Diabetes 5 (1.6) 2 (1.9) 3 (1.4) 1.000

Dyslipidaemia 14 (4.4) 4 (3.9) 10 (4.7) 0.977

Thyroid disorders 26 (8.2) 7 (6.8) 19 (8.9) 0.679

BMI, body mass index. SD, standard deviation. COPD, chronic obstructive pulmonary disease.
aOther cardiovascular comorbidities: atrial fibrillation, other arrhythmias, myocardial infarction.
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Moreover, H3K4me3 and H3K27ac levels were highly correlated for the IL-1b gene promoter (p value =

0.0083, r = 0.8333, Figure 3C), thus emphasizing the role of IL-1b in trained immunity. Overall, these re-

sults suggest that in vitro training with hkMm increases H3K4me3 and H3K27ac at the promoter sites of

proinflammatory genes.

Oral administration of hkMm does not influence SARS-CoV-2 infection

The MANRECOVID19 clinical trial included 317 participants, of which 214 were in the NR group and 103 in

the placebo group. The demographics and baseline characteristics of the participants are described in Ta-

ble 1, and theprofessional categories of theHCWswhoparticipated in the study are described in Table S2. A

full description of participants is given in the flowchart in Figure 4. The main variable to assess efficacy was

the cumulative incidence of documented SARS-CoV-2 infection, as determined by RT-PCR, rapid antigenic

test (RAT), or serological blood test. The study procedures and variables collected at each visit are listed in

Table S3. All participants whomet inclusion criteria were studied as ‘‘intention to treat’’ (ITT) population. The
6 iScience 26, 106873, June 16, 2023



Figure 4. Flowchart of study participants

A total of 320 individuals were assessed for eligibility to participate in the study; 317 were randomized to receive

Nyaditum resae (n = 214) or placebo (n = 103), and they composed the ITT sample. The PP sample was composed of 198

participants, 131 in the Nyaditum resae group and 67 in the placebo group.
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‘‘per protocol’’ (PP) population was composed of those participants with a confirmed negative result in the

SARS-CoV-2 test before the start of the study who completed the final study visit without significant devia-

tions from theprotocol and hadnot received aCOVID-19 vaccinebefore the endof the study. In the ITTpop-

ulation, 62 (19.6%) of the tests conducted were positive (Table S4), while 21 (10.6%) were positive in the PP

population (Table S5).We foundno significant differences in thepositivity of the tests between the two treat-

ment groups. Tables S6 and S7 show the type of tests conducted and the vaccinations of the ITT and the PP

populations, respectively. The cumulative incidence of SARS-CoV-2 infection did not differ between the two

treatment arms for the ITT population (Figure 5A), as shown in the logistic regressionmodel (odds ratio [OR]

1.22, 95% confidence interval [CI] 0.64–2.35) (Table S6). Women had a lower incidence of infection thanmen

(OR 0.96, 95% CI 0.94–0.99). A higher number of comorbidities were associated with a higher incidence of

infection (OR 1.54, 95% CI 1.05–2.25). Previous vaccination (seasonal influenza and/or pneumococcal vac-

cine) was also associated with a higher risk of SARS-CoV-2 infection (OR 7.04, 95% CI 3.11–15.93). Receiving

a comedication at baseline was associated with a lower incidence of infection (OR 0.25, 95%CI 0.1–0.6). The

rest of the variables showed no statistical significance. For the PP sample, we did not find differences in the

incidence of SARS-CoV-2 infection between the NR and placebo groups (Figure 5B) (OR 2.03, 95% CI 0.62–

6.67, Table S7). Women had a lower incidence of infection than men (OR 0.27, 95% CI 0.09–0.77). A higher

BMI and previous seasonal influenza and/or pneumococcal vaccine were associated with a higher risk of

SARS-CoV-2 (OR 1.15, 95% CI 1.03–1.30 and OR 8.28, 95% CI 2.62–26.11, respectively).
iScience 26, 106873, June 16, 2023 7
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Figure 5. Heat-killed M. manresensis does not protect against SARS-CoV-2 infection

(A and B) Kaplan-Meier curves and patients at risk data for the time to COVID-19 infection in each treatment arm for the (A)

ITT and the (B) PP population. Follow-up days truncated at 150, but there are patients with up to 175 days of follow-up.
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Oral administration of hkMm does not modify the inflammatory responses of peripheral

blood monocytes

Given that hkMm induced trained immunity in vitro, we examined whether oral uptake of NR for 14 days had

any effect on the inflammatory responses of circulating monocytes. To this end, peripheral blood was

collected from a subset of healthy volunteers also included in the MANRECOVID19 clinical trial. Of the

63 volunteers recruited, 6 were lost, resulting in a final population of 57 participants, who were divided

into the placebo (n = 18) and NR (n = 39) experimental groups. The demographic characteristics of the vol-

unteers are listed in Table 2. Peripheral bloodmononuclear cells (PBMCs) were isolated on day 0 and day 15

after intervention and challenged with an array of stimuli, namely LPS, hkMtb, hkS. aureus, InSARS-CoV-2,

and InSIV H1N1 viral particles, and their inflammatory responses were determined. After fold change (FC)

comparison, the results showed no changes in proinflammatory cytokines (Figure 6) from baseline to day

15, when comparing the NR group with the placebo group. However, of note, reduced IL-1b levels were

observed in response to hkMtb, InSARS-CoV-2, and InSIV H1N1, although these differences were not sig-

nificant. Raw differences in the cytokine levels are shown in Table S8. Taken together, these results indicate

that the oral administration of hkMm does not modify inflammatory responses of circulating monocytes

in vivo.

Oral administration of hkMm changes the profile of circulating immune cell populations

Finally, we studied whether oral administration of hkMm had a direct effect on the frequency of circulating

leukocytes. To this end, we stained PBMCs from both visits for spectral flow cytometry analysis using the

gating strategy shown in Figure S2. The analysis showed that total lymphocytes remained alike between

groups (Figure 7A), as did B cells (CD3�, CD19+) (Figure 7B), T cells (CD3+) (Figure 7C), CD8+ T cells (Fig-

ure 7D), and CD4+ T cells (Figure 7E). Interestingly, activated CD4+T cells (CD4+CD25+ T cells) were

increased in the NR group (Fold change (FC) of 0.93 [0.90, 1.01] vs. 1.04 [0.97, 1.11], p = 0.017, Figure 7F).

Regarding Treg cells (CD4+CD25+CD127lo), an upward trend was noticed in the NR group, although this
8 iScience 26, 106873, June 16, 2023



Table 2. Demographic characteristics of the healthy volunteers used in trained immunity assessment

Total Placebo Nyaditum resae� p value

N 57 18 39

Gender (%)

Male 11 (19.3) 4 (22.2) 7 (17.9) 0.985

Female 46 (80.7) 14 (77.8) 32 (82.1)

Age (mean (SD)) 45.39 (11.70) 49.61 (12.05) 43.44 (11.15) 0.063

Smoking habit (%)

Smoker 17 (29.8) 6 (33.3) 11 (28.2) 0.218

Ex-smoker 7 (12.3) 4 (22.2) 3 (7.7)

Non-smoker 33 (57.9) 8 (44.4) 25 (64.1)

Professional (%)

Management and services technician 5 (8.8) 4 (22.2) 1 (2.6) 0.102

Patient care technicians 15 (26.3) 4 (22.2) 11 (28.2)

Graduate Nurse 28 (49.1) 7 (38.9) 21 (53.8)

Primary Care Physician 4 (7.0) 1 (5.6) 3 (7.7)

Hospital Care Physician 1 (1.8) 1 (5.6) 0 (0.0)

Caretaker 1 (1.8) 1 (5.6) 0 (0.0)

Physiotherapist 2 (3.5) 0 (0.0) 2 (5.1)

Other 1 (1.8) 0 (0.0) 1 (2.6)

Grouped professional (%)

Nurse 43 (75.4) 11 (61.1) 32 (82.1) 0.195

Physician 5 (8.8) 2 (11.1) 3 (7.7)

Other 9 (15.8) 5 (27.8) 4 (10.3)

Adherence to treatment (%)

No 2 (3.5) 1 (5.6) 1 (2.6) 1

Yes 55 (96.5) 17 (94.4) 38 (97.4)

Adverse event (%)

No 47 (82.5) 15 (83.3) 32 (82.1) 1

Yes 10 (17.5) 3 (16.7) 7 (17.9)

Comorbidities (%)

No 31 (54.4) 10 (55.6) 21 (53.8) 1

Yes 26 (45.6) 8 (44.4) 18 (46.2)

Heart disease (%)

No 52 (91.2) 16 (88.9) 36 (92.3) 1

Yes 5 (8.8) 2 (11.1) 3 (7.7)

Respiratory disease (%)

No 52 (91.2) 14 (77.8) 38 (97.4) 0.053

Yes 5 (8.8) 4 (22.2) 1 (2.6)

SD, standard deviation.
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did not reach significance (FC of 0.94 [0.87, 1.03] vs. 1.01 [0.87, 1.12], p = 0.546, Figure 7G). In contrast, no

changes were observed in total NK cells (Figure 7H) and their subtypes, namely CD56+CD16� NKs,

CD56+CD16+ NKs, CD56�CD16+ NKs (Figures 7I–7K), and neutrophils (Figure 7L). As regards monocytes,

the number of the total monocytic population experienced a non-significant increase (FC of 1.03 [0.83, 1.38]

vs. 1.28 [0.88, 1.68], p = 0.505, Figure 7M). When assessing the different subsets of monocytes, total mono-

cytes, classical (CD14++, CD16�) monocytes, and intermediate (CD14++, CD16+) monocytes did not pre-

sent significant alterations (Figures 7M–7O, respectively). However, non-classical monocytes (CD14+,

CD16++) were significantly increased in the NR group (FC of 0.84 [0.66, 1.32] vs. 1.33 [0.96, 3.45], p =
iScience 26, 106873, June 16, 2023 9
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Figure 6. Heat-killed M. manresensis does not modify the inflammatory responses of monocytes from healthy

volunteers

(A–E) Fold change of TNF-a, IL-6, and IL-1b after stimulating with (A) 100 ng/mL LPS, (B) 106 cfu/mL hkMtb, (C) 107 cfu/mL

hkS. aureus, (D) 22.5 pfu/mL InSARS-CoV-2, or (E) 103.99 TCID50/mL InSIV H1N1 (day 15/day 0). (n = 57, n = 18 Placebo, n =

39 Nyaditym resae, Wilcoxon Mann-Whitney test, boxplot shows the median, quartiles, and minimum and maximum

values). Raw data are detailed in Table S8 hkMtb, heat-killed M. tuberculosis; hkS. aureus, heat-killed S. aureus; InSARS-

CoV-2, inactivated SARS-CoV-2; InSIV H1N1, inactivated SIV H1N1.
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0.045, Figure 7P). This increase in non-classical monocytes could be due to a reduction in

CD16�CD14�cells, which are suspected to be dendritic cells.40 However, no differences were observed be-

tween treatment arms (Figure 7Q). These analyses were performed using a FC comparison of the two visits.
10 iScience 26, 106873, June 16, 2023
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Figure 7. Heat-killed M. manresensis changes the profile of circulating immune cell populations from healthy

volunteers

(A–Q) Cell populations were analyzed at baseline and 15 days post-treatment administration, and the corresponding fold

change (FC) was calculated. Fold change of the frequency of (A) lymphocytes, (B) B cells, (C) T cells, (D) CD8+ T cells, (E)

CD4+ T cells, (F) CD4+CD25+ T cells, (G) Treg cells, (H) NK cells, (I) CD56+CD16� NK cells, (J) CD56+CD16+ NK cells, (K)

CD56�CD16+ NK cells, (L) neutrophils, (M) monocytes, (N) classical monocytes, (O) intermediate monocytes, (P) non-

classical monocytes, and (Q) CD16�CD14�cells (day 15/day 0), (n = 57, n = 18 Placebo, n = 39 Nyaditym resae, Wilcoxon

Mann-Whitney test, boxplot shows the median, quartiles, and minimum and maximum values). Raw data are detailed in

Table S9.
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The raw frequencies of all the populations are shown in Table S9. We also studied whether monocytes

changed their expression levels of HLA-DR by oral administration of NR, as previous studies have shown

that trained immunity increases the expression of antigen-presentation molecules.41–43 In flow cytometry,

no significant changes were observed in the expression of HLA-DR in monocytes (Figure S3). Taken

together, these results indicate that the oral administration of hkMm significantly modifies the frequency

of non-classical monocytes, as well as that of CD4+CD25+ T cells among circulating leukocytes.
DISCUSSION

Here we present a thorough study assessing whether, like BCG, the environmental mycobacteria species

M. manresensis induces trained immunity and whether this capacity could find clinical applications in the

context of the COVID-19 pandemic.

Indeed, the results from our in vitro experiments showed that hkMm induced trained immunity by gener-

ating metabolic and epigenetic changes in monocytes, which led to increased inflammatory responses

after a set of inflammatory stimuli. Of note, for these experiments we used hkMm instead of NR, since

the NR capsule contains mannitol as excipient, which hinders in vitro experimentation. More specifically,

experiments using the THP-1 cell line revealed that hkMm increased the expression of the following:

TNF-a, IL-6, and IL-1b when these cells were rechallenged with LPS; TNF-a when cells were rechallenged

with hkS. aureus; and IL-6 when InSARS-CoV-2 was added to the cells. Similarly, when primary monocytes

were exposed to LPS, hkS. aureus, and hkMtb, hkMm boosted metabolic and inflammatory functions,

increasing TNF-a, IL-6, and IL-1b production, as compared to controls. Regarding anti-inflammatory

IL-10 and IL-1Ra, previous studies showed enhanced IL-10 production in trained immunity with

b-glucan38,44,45 and adenoviral vector COVID-19 vaccine.43 Accordingly, we observed increased re-

sponses of hkMm-trained cells when these were stimulated with LPS, hkMtb, and InSARS-CoV-2,

although these responses were not significant. Likewise, hkBCG did not alter IL-10 levels—an observa-

tion that is consistent with the findings of Bekkering et al.38 Taken together, these results suggest that

IL-10 responses after trained immunity may be training stimulus specific. Furthermore, hkBCG or

hkMm training did not alter IL-1Ra levels from those of controls, although this protein is involved in

the inhibition of trained immunity, and training of macrophages with uric acid downregulated its expres-

sion in vitro.46

Trained immunity has traditionally been defined as the functional reprogramming of innate immune cells,

leading to modifications in metabolism and an increased response toward a second challenge.8 In the pre-

sent study, hkMm significantly increased L(+)-Lactate levels in all cases, thereby emphasizing the relation

between trained immunity and metabolic reprogramming. Although lactate levels were increased in

trained THP-1-derived macrophages, no differences were found in the expression of Hypoxia-inducible

factor 1-alpha (HIF1a), Hexokinase 2 (HK2), Glucose transporter 3 (GLUT3), Pyruvate kinase M2 (PKM2), Py-

ruvate dehydrogenase kinase 4 (PDK4), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3),

or Phosphofructokinase (PFKP) glycolytic enzymes. The lack of differences could be due to THP-1-derived

macrophages showing reduced responsiveness in terms of gene expression changes upon activation and

phorbol 12-myristate 13-acetate (PMA) differentiation, when compared to that of naive primary macro-

phages.47 Also, one has to bear in mind that glycolytic enzymes are also regulated post-translationally,

and, therefore, certain key glycolytic enzymes could be regulated at the protein level without changes in

gene expression.48 As regards epigenetic regulation, hkMm increased H3K4me3 and H3K27ac at the pro-

moter sites of proinflammatory genes. This observation thus highlights that trained immunity by hkMm in-

duces epigenetic modifications. In contrast, and in line with previously published studies,29 hkMm did not

increase all proinflammatory cytokines after exposure to all the secondary stimuli tested. Of note, LPS is

recognized by both Toll-like receptor (TLR) 4 and TLR2 in an independent manner, conferring amore robust

stimulation,49,50 while other agents such as Mtb, S. aureus, SARS-CoV-2, and SIV H1N1 are detected by

TLRs 2, 3, 4, 7, 8, and 9.51–54 These observations suggest that trained immunity may be pathogen and

TLR specific.

Beyond the discovered role of hkMm on trained immunity, our results emphasize its ability to modulate

proinflammatory cytokine expression. This finding is consistent with previous results, in which

M. manresensis was shown to modulate memory-specific Tregs and IL-10 and to reduce neutrophilic infil-

tration and TNF-a, IFNg, IL-6, and IL-17 production in the lungs,32–35 while increasing IFNg, TNF-a, IL-6, and

IL-10 levels in the spleen.33
12 iScience 26, 106873, June 16, 2023
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In our assays, inflammatory responses to inactivated virus were lower than those to LPS, S. aureus, or Mtb.

Although we used high concentrations of inactivated viruses, the amount of TLR agonist could have been

limited by the lack of viral replication. Nevertheless, given that hkMm was capable of inducing trained im-

munity in vitro, both in the THP-1 cell line and in primary monocytes in response to LPS, S. aureus, and Mtb,

NR may have decreased the rate and severity of SARS-CoV-2 infection. This notion is in line with the

proposed potential effect of BCG vaccination, given the fact that trehalose dimycolate, present in the

mycobacterial cell wall, had previously demonstrated its capacity to increase the resistance against influ-

enza virus in an experimental model.37

However, the randomized, double-blind, placebo-controlled clinical trial MANRECOVID19 found that NR

showed no efficacy in protecting against or reducing the severity of SARS-CoV-2 infection. Importantly, it

also found no evidence of any detrimental effect of NR treatment. As a target population, we chose health-

care professionals working in the healthcare system of the Catalan Health Institute as they were expected to

be highly exposed to SARS-CoV-2. However, it is necessary to take into account the progressively lower

incidence of SARS-CoV-2 infection and the improvement of prophylactic measures in the health system

during the study follow-up. As secondary outcomes, we also assessed the efficacy of NR at reducing the

severity of SARS-CoV-2 infection, although we did not detect differences between the two groups. The

lack of effect of NR described in the present study is therefore unexpected, although in line with other clin-

ical trials assessing the effect of BCG on COVID-19.27–30

Additionally, daily oral administration of a capsule of NR for 14 days did not appear to induce trained im-

munity in vivo as no enhancement of inflammatory responses was observed in peripheral blood monocytes

in response to an array of secondary stimuli. Interestingly, NR increased the percentage of non-classical

monocytes and CD4+CD25+ T cells. The latter are a highly active subset of memory T cells, associated

with anti-inflammatory activity,55–59 and CD4+CD25+ CD127hi T cells might be responsible for switching

a proinflammatory response to an anti-inflammatory Th2-type response.60 As regards Treg cells, no differ-

ences were observed between groups. This finding is in contrast to our observation in previous studies,

where in vitro purified protein derivative (PPD) stimulation of splenocytes33 or peripheral blood mono-

cytes35 induced an increase in the PPD-specific Treg population in orally treated subjects. As regards

non-classical monocytes, these cells are primarily involved in promoting the resolution of inflammation,

while maintaining vascular endothelial homeostasis.61 Regarding SARS-CoV-2 infection, a study on

myeloid subsets in COVID-19 patients showed a significant decrease in almost all circulating myeloid

subsets, the decrease in non-classical monocytes being more pronounced in severe and critical patients,

thereby indicating an association with severity.62 This finding is also in agreement with additional reports

showing a decrease in non-classical monocyte population in severe COVID-19 patients,63,64 thereby rein-

forcing the relevance of non-classical monocyte action during SARS-CoV-2 infection. Thus, although a pro-

tective effect of NR against SARS-CoV-2 infection could not be confirmed in the clinical trial, the increase

population of non-classical monocytes may confer certain protection.

Dosage and route of administration are crucial, as the beneficial effects of BCG on SARS-CoV-2 infection in

mice appear when it is given intravenously and not intradermically.65 Moreover, it is important to note that

BCG vaccination was originally designed to be administered orally. Indeed, extensive experience on its

protective effectiveness has been gathered in Brazil, where it has been given orally since 1925.66 The nature

of vaccines is also critical as the BCG vaccine18 and Mtb vaccine (MTBVAC)67 are injected vaccines

comprising live-attenuated virulent Mycobacterium strains. In contrast, NR is administered orally and

M. manresensis is a heat-killed environmental mycobacteria. However, the capacity of intestinal bacte-

ria-derived compounds to regulate myelopoiesis in the bone marrow, liver, and spleen is well sustained,68

thus supporting NR�s hypothetical capacity to induce trained immunity. Due to the public health emergency

caused by the pandemic, we were unable to test a range of doses, and therefore we kept the safe commer-

cial formulation and dosification.34 These data are relevant as they suggest that the administration of heat-

killed vs. live-attenuated bacilli affects the capacity of these bacteria to induce trained immunity in vivo, as

previously reported for live vs. gamma-irradiated BCG.69

In summary, here we report that hkMm induces trained immunity in vitro but not in vivo when orally admin-

istered as NR. In contrast, we observed that NR increases blood non-classical monocyte and CD4+CD25+

T cells. Taken together, our data suggest that hkMm-driven trained immunity is dosage, administration

route, and pathogen specific.
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Limitations of the study

We acknowledge several limitations of our work. First, we did not fully study differences in cell confluence

after training and inflammatory stimuli. Nevertheless, all experiments were performed in parallel and no

differences were detected by optical microscopy. Second, the ex vivo stimulation of monocytes from the

MANRECOVID19 clinical trial was performed using frozen samples. Monocyte function after cryopreserva-

tion is controversial as some studies conclude that functional assays should be done only on fresh sam-

ples,70–72 while other articles report that correct cryopreservation conserves a good monocyte func-

tion.73–75 We chose to use frozen monocytes in order to facilitate the analysis of samples during the

COVID-19 lockdown and because our prior studies confirmed frozen monocytes secreted TNF-a after

LPS stimulation in a concentration-dependent manner and to a similar extent to that of freshly isolated

monocytes (data not shown). Additionally, PBMCs were kept frozen until training assays. Nonetheless,

flow cytometry analysis revealed that the mean viability of all samples was 95.66%, thereby adding confi-

dence to the results reported herein.
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Pasculli, P., Zuccalà, P., Perri, V., Marocco, R.,
Kertusha, B., Siccardi, G., Del Borgo, C., et al.
(2021). Increased sCD163 and sCD14
plasmatic levels and depletion of peripheral
blood pro-inflammatory monocytes, myeloid
and plasmacytoid dendritic cells in patients
with severe COVID-19 pneumonia. Front.
Immunol. 12, 1–12.

41. Jeljeli, M., Riccio, L.G.C., Doridot, L., Chêne,
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L., Quiñones, C., Perez, C., Erkizia, I., Blanco,
I., et al. (2021). Identification of plitidepsin as
18 iScience 26, 106873, June 16, 2023
potent inhibitor of SARS-CoV-2-induced
cytopathic effect after a drug repurposing
screen. Front. Pharmacol. 12, 1–12.

80. Darnell, M.E.R., Subbarao, K., Feinstone,
S.M., and Taylor, D.R. (2004). Inactivation of
the coronavirus that induces severe acute
respiratory syndrome, SARS-CoV. J. Virol.
Methods 121, 85–91.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC Mouse Anti-Human CD14 BD Biosciences Cat# 555397, RRID:AB_395798

CD14 Spark Blue 550 BioLegend Cat# 367148, RRID:AB_2832724

CD3 PerCP BD Biosciences Cat# 345766, RRID:AB_2783791

CD25 PE BD Biosciences Cat# 557138, RRID:AB_396584

CD19 PE-Cy7 BD Biosciences Cat# 560911, RRID:AB_10562390

CD56 AF647 BD Biosciences Cat# 563443, RRID:AB_2738209

CD127 APC-R700 BD Biosciences Cat# 565185, RRID:AB_2739099

HLA-DR APC-F750 BioLegend Cat# 307658, RRID:AB_2572101

CD11c BUV661 BD Biosciences Cat# 612967, RRID:AB_2870241

CD39 BV421 BioLegend Cat# 328213, RRID:AB_10933084

CD8 BV510 BD Biosciences Cat# 563919, RRID:AB_2722546

CD4 BV650 BD Biosciences Cat# 563875, RRID:AB_2744425

CD163 BV711 BD Biosciences Cat# 563889, RRID:AB_2738469

CD16 BV786 BD Biosciences Cat# 563689, RRID:AB_2744299

CD11b BB515 BD Biosciences Cat# 564517, RRID:AB_2744271

Anti-Histone H3 (tri methyl K4) antibody - ChIP Grade Abcam Cat# ab8580, RRID:AB_306649

Anti-Histone H3 (acetyl K27) antibody - ChIP Grade Abcam Cat# ab4729, RRID:AB_2118291

Normal Rabbit Serum Jackson Immunoresearch Cat# 011-000-120, RRID:AB_2337123

Bacterial and virus strains

Mycobacterium manresensis Experimental Tuberculosis Unit, IGTP Strain CECT 8638

Staphylococcus aureus Microbiology Laboratory, Germans

Trias i Pujol University Hospital

Strain H-9477

Mycobacterium tuberculosis Microbiology Laboratory, Germans

Trias i Pujol University Hospital

Strain H37Rv Pasteur

SARS-CoV-2 Pathogen Immunity, Signaling and Therapeutic

Applications, IrsiCaixa AIDS Research Institute

GISAID ID EPI_ISL_510689

Swine influenza virus IRTA-UAB Research Unit in Animal Health.

Animal Health Research Center

Strain A/Swine/Spain/

SF11131/2007H1N1

Biological samples

BCG vaccine BCG-Medac, Medac PA Number: PA 0623/004/001

Nyaditum resae� Reig Jofre N/A

Buffy coats Banc de Sang i Teixits, Barcelona N/A

Peripheral blood samples from healthcare workers Germans Trias i Pujol University Hospital NCT04452773

Chemicals, peptides, and recombinant proteins

LPS (from Escherichia coli O55:B5) Sigma-Aldrich L2880

Perfect-Count� Microspheres Cytognos CYT-PCM-50-R

RosetteSep Human CD3 Depletion Cocktail StemCell Technologies 15661

DMEMwith 4.5 g/L glucose, L-glutamine, sodium pyruvate Corning 10-013-CM

RPMI 1640 with L-Glutamine Corning 10-040-CV

Fetal Bovine Serum EU-approved Tico Europe FBSEU500

Penicillin-Streptomycin Sigma-Aldrich P0781

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

PMA Sigma-Aldrich P8139

Endotoxin-Free Dulbecco0s PBS Sigma-Aldrich TMS-012

Ficoll� Paque Plus Cytiva 17-1440-02

Percoll Cytiva 17-0891-02

Human Serum Sigma-Aldrich H4522

GlutaMAX Thermo Scientific 35050038

Sodium Pyruvate Thermo Scientific 11360039

True-Stain Monocyte Blocker� BioLegend 426101

Critical commercial assays

Lactate Assay Kit Sigma-Aldrich MAK064

Human TNFa ELISA Set BD OptEIA� 555212

Human IL-6 ELISA Set BD OptEIA� 555220

Human IL-1b ELISA Set II BD OptEIA� 557953

Human IL-10 ELISA Set BD OptEIA� 555157

Human IL-1ra ELISA Kit Abcam ab211650

TMB Sigma-Aldrich T0440

LowCell# ChIP kit protein A Diagenode C01010070

NuceloSpin Gel and PCR Clean-up (50) Cultek 22740609.50

QIAzol Lysis Reagent Qiagen 79306

miRNeasy Mini Kit Qiagen 217004

EcoDry� Premix Takara 639549

Deposited data

SARS-CoV-2 http://gisaid.org ID: EPI_ISL_510689

Experimental models: Cell lines

Human: THP-1 ATCC TIB-202; RRID: CVCL_0006

Oligonucleotides

Primers, see Table S1 Invitrogen N/A

Software and algorithms

REDCap (Research Electronic Data Capture) REDCap consortium RRID: SCR_003445

ImageJ Open source Java RRID: SCR_003070

FlowJo� v10.8 BD Biosciences RRID: SCR_008520

GraphPad Prism, version 9.0 GraphPad Software RRID: SCR_002798

R statistical package, v4.1 The R Project for Statistical Computing RRID: SCR_001905

Other

Flat-bottom 96-well plate Thermo Scientific 732-2721

BD Scientific Canto II Flow Cytometer BD Biosciences RRID: SCR_018056

BD LSRFortessa Fortessa Flow Cytometer BD Biosciences RRID: SCR_019601

Cytek Aurora Spectral Analyzer Cytek Biosciences RRID: SCR_019826

LightCycler� 480 PCR system Roche 05015278001
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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, Maria-Rosa Sarrias (mrsarrias@igtp.cat).
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Materials availability

All reagents and materials used in this manuscript are available upon request or prepared to be available

from commercial sources.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This study did not generate any

unique datasets or code. Any additional information required to reanalyse the data reported in this work

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Using the THP-1 cell line and primary samples from buffy coats, we examined the capacity of heat-killed

M.manresensis (hkMm) to induce trained immunity in vitro. To this end, we analyzedmodifications of proin-

flammatory cytokines, metabolic activity, and epigenetic marks. We also conducted the MANRECOVID19

clinical trial and tested the capacity of hkMm to train immunity in vivo and its ability to modify circulating

peripheral blood populations. To this end, we used samples from healthy volunteers and characterized

whole blood leukocyte pattern and the production of proinflammatory cytokines in response to a set of in-

flammatory stimuli.

Trained immunity model in THP-1 monocytes

Before training, THP-1 cells (ATCC TIB-202; RRID: CVCL_0006) were cultured in DMEM medium containing

4.5 g/L glucose, 584 mg/L L-glutamine and 110 mg/L sodium pyruvate (Corning, NY, USA) supplemented

with 10% heat-inactivated fetal bovine serum (FBS) (Lonza, Switzerland), 1% penicillin-streptomycin (Sigma-

Aldrich, Spain), at 37�C and 5% CO2 for at least one week. The THP-1 cell line was tested and found to be my-

coplasma-free. The trained immunitymodel using this cell linewas performed as describedpreviously.76 Briefly,

THP-1 cells were first seeded into a flat-bottom96-well plate (Corning,NY, USA) at a density of 50,000 cells/well,

either with 200 mL of culture medium alone as negative control, heat-killed BCG (hkBCG, BCG-Medac, Medac,

Germany; 106 cfu/mL) as positive control, or heat-killedM.manresensis (strain CECT 8638; 106 cfu/mL) for 24 h.

During this training period, cell proliferation did not differ between groups as shown by cell confluence analysis

by optical microscopy. Cells were then washed twice with warm PBS (by centrifugation at 400g for 5 min and

extracting the supernatant) and differentiated into macrophages in the presence of 10% FBS DMEM supple-

mented with 10 ng/mL phorbol 12-myristate 13-acetate (PMA) for 32 h. After washing twice with warm PBS

(by centrifugation at 400g for 5 min and extracting the supernatant), macrophages were left to rest for 24 h.

They were then restimulated for 24 h with either heat-killed Staphylococcus (S.) aureus (hkS. aureus

5x106 cfu/mL), Lipopolysaccharides (LPS) (10 ng/mL), heat-killed Mycobacterium (M.) tuberculosis (hkMtb

106 cfu/mL), inactivated SARS-CoV-2 (InSARS-CoV-2 0.218 ng nucleocapsid/mL), inactivated swine influenza vi-

rus (InSIV) H1N1 (104.29 TCID50/mL), or with medium alone as negative control. Before the addition of inflam-

matory stimuli, brightfield images were acquired using Leica DM IL LED microscope with an 320 objective.

A total of six independent experiments, each in triplicate, were performed. Cellular supernatants were ali-

quoted and stored at �20�C until further analysis. To quantify differences in cell size, the area of untrained,

and hkBCG- and hkMm-trained THP-1 cells was measured using ImageJ software (RRID:SCR_003070).

Trained immunity in primary monocytes

Monocytes purified as described below (see Monocyte isolation from buffy coats in method details) were incu-

bated for 24 h with 200 mL of culture medium alone as negative control, hkBCG (106 cfu/mL) as positive control,

or hkMm (106 cfu/mL) in complete RPMI (supplemented with 1% penicillin-streptomycin, 10% heat-inactivated

human male AB serum (both from Sigma-Aldrich, Spain), 1 mM sodium pyruvate and 2 mM GlutaMax (both

from Life Technologies, Germany)). Cells were washed with warm PBS and left to rest for 5 days in complete

RPMI, with a change ofmedia on day 3. After the resting period,macrophages were restimulated for 24 h either

with hkS. aureus (5x106 cfu/mL), LPS (10 ng/mL), hkMtb (106 cfu/mL), InSARS-CoV-2 (0.218 ng nucleocapsid/mL),

InSIV H1N1 (104.29 TCID50/mL), or with RPMI alone as negative control. Experiments were performed in tripli-

cate. Cellular supernatants were aliquoted and stored at �20�C until further analysis.

Manrecovid19 clinical trial

Design and participants

Healthcare workers, expected to be highly exposed to COVID-19, at five public healthcare centers in Cata-

lonia, namely CAP El Maresme, CAP Sant Felix, CAP Santa Coloma de Gramanet, CAP Cornella, and
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Germans Trias i Pujol University Hospital, were enrolled in this randomized, double-blind, placebo-

controlled trial between 14 July 2020 and 4 April 2021. A total of 320 individuals were assessed for eligibility

to participate in the study; 317 were randomized to receive NR (n = 214) or placebo (n = 103), and they

composed the ITT sample. The PP sample was composed by 198 participants; 131 in the NR group and

67 in the placebo group. A flowchart of study participants is shown in Figure 4. All participants received

information about the study procedures and signed the consent form. They optionally signed another con-

sent form for storage and future use of unused biological samples collected during the trial. Those partic-

ipants who also volunteered for the trained immunity sub-study signed the corresponding consent form.

The Experimental Tuberculosis Unit (UTE) coordinated the trial, while the laboratory of Innate Immunity

at Germans Trias Research Institute (IGTP) served as a central laboratory for the study. This study is regis-

tered with ClinicalTrials.gov (NCT04452773).

Inclusion and exclusion criteria were

Inclusion criteria

1. Sign the Informed Consent before initiating the selection procedures.

2. Health system workers in contact with subjects potentially infected with SARS-CoV-2.

3. Age R18 years.

4. Availability to meet the requirements of the protocol.

5. Negative Rapid Serological Test of SARS-CoV-2.

Exclusion criteria

1. Previous SARS-CoV-2 infection.

2. Pregnancy or breastfeeding.

3. Suspected of having active viral or bacterial infection.

4. Symptoms compatible with COVID-19, despite a negative PCR test.

5. Vaccination in the last 4 weeks or planned vaccination during the study period, regardless of the

type of vaccine.

6. Participation in research that requires experimental intervention (does not include observational

studies) in the previous month before signing the Consent or during the study.

7. Severely immunocompromized people. This exclusion category includes:
22 iS
a. Subjects with human immunodeficiency virus (HIV-1).

b. Neutropenic subjects with less than 500 neutrophils/mm3.

c. Subjects with solid organ transplantation.

d. Subjects with bone marrow transplantation.

e. Subjects undergoing chemotherapy.

f. Subjects with primary immunodeficiency.

g. Severe lymphopenia with less than 400 lymphocytes/mm3.

h. Treatment with any anti-cytokine therapy.

i. Oral treatment with steroids, defined as daily doses of 10 mg prednisone or equivalent for more

than 3 months.
8. Malignancy, or active solid or non-solid lymphoma in the previous two years.

9. BCG vaccination in the last 10 years.

10. Treatment with Manremyc for the last 6 months.

11. Chloroquine or hydroxychloroquine administration in the last two weeks.
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12. Direct involvement in the design or execution of the MANRECOVID19 clinical trial.

13. Retirement, transfer, long-term leave (>1 month) due to scheduled surgery or any other event that

makes it impossible to work in person at your health center during the months following the recruit-

ment to the study.

14. Employee at the health center <22 h per week.

15. Do not have a smartphone.

16. Detection by the investigator of lack of knowledge or willingness to participate and comply with all

requirements of the protocol.

17. Any other findings that, at the discretion of the investigator, may compromise compliance with

the protocol or that may influence significantly the interpretation or the results of the effects of

probiotic.

Data collection

The clinical trial data collection had a nine-month duration. Study data were collected and managed using

REDCap electronic data capture tools hosted at Fundació Institut Universitari per a la recerca an l’Atenció

Primària de Salut Jordi Gol i Gurina (IDIAPJGol).77,78 REDCap (Research Electronic Data Capture) is a

secure, web-based software platform designed to support data capture for research studies, providing

1) an intuitive interface for validated data capture; 2) audit trails for tracking data manipulation and export

procedures; 3) automated export procedures for seamless data downloads to common statistical pack-

ages; and 4) procedures for data integration and interoperability with external sources.

Randomization and masking

A specific case report form (CRF) was designed for randomization and data collection. Participants were

randomly assigned to one of the study arms, Nyaditum resae or placebo, in a 2:1 proportion. The blinding

was ensured through a list of codes of the treatment assigned to each participant by order of inclusion. The

code was registered in the CRF during the baseline visit. The treatments, which were administered orally

once a day for two weeks (14 days), comprised a capsule of Nyaditum resae, consisting of 103.5 heat-killed

bacilli of M. manresensis, or placebo, which were the excipients also present in NR, basically mannitol.

Outcomes and follow-up

The primary efficacy variable was the cumulative incidence of documented SARS-CoV-2 infection; assessed

by a positive serology at the end of the study or a positive RT-PCR test during the study period. The sec-

ondary variables of efficacy assessed in the study were: sick leave due to documented SARS-CoV-2

infection, number of days of sick leave due to the quarantine for acute respiratory symptoms, fever or docu-

mented SARS-CoV-2 infection, quarantine due to a close contact with a subject with SARS-CoV-2 infection

out of the center, professional category (general practitioner, nurse, management and services’ staff, etc.),

number of days of self-reported fever (R38�C), cumulative incidence of self-reported acute respiratory

symptoms, number of days of self-reported acute respiratory symptoms, pneumonia incidence (X-rays

confirmed), cumulative incidence of death caused by documented SARS-CoV-2 infection, cumulative inci-

dence of ICU admission due to documented SARS-CoV-2 infection, number of days of ICU admission due

to documented SARS-CoV-2 infection, cumulative incidence of mechanical ventilation due to documented

SARS-CoV-2 infection, number of days of mechanical ventilation due to documented SARS-CoV-2 infec-

tion, cumulative incidence of hospital admission due to documented SARS-CoV-2 infection, number of

days of hospital admission due to documented SARS-CoV-2 infection, incidence of SARS-CoV-2 antibodies

at the end of the study period, type of antibodies detected (IgG and IgM), and level of SARS-CoV-2 anti-

bodies at the end of the study period.

Face-to-face visits were limited to obtention of the consent, laboratory tests and treatment dispensing.

Study procedures and variables collected in each visit are listed in Table S3. The baseline visit was a

face-to-face visit for inclusion in the study (day 1), when the treatment was assigned according to the

randomization after meeting the inclusion criteria and none of the exclusion criteria. A rapid antigenic

test (RAT) and a serological blood test were conducted, along with ruling out COVID-19 symptoms. The

second visit was a phone call at day 15 (G3 days), where symptoms and treatment tolerance and compli-

ance were evaluated. The third visit was conducted at day 60 (G3 days) and consisted of a phone call to
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assess symptoms. The final visit at day 120 (G3 days) was a face-to-face meeting where a new serological

blood test was done. Participants were also contacted through WhatsApp or other messaging server to

remind them about their participation in the study and to evaluate the symptoms and the adverse events

that had occurred since the last visit (days 30, 45, 75, 90, 105G 3 days). If participants presented symptoms

compatible with a SARS-CoV-2 infection at any moment during the study period, they could contact the

investigator directly. Further phone calls were performed on a weekly basis to assess severity and duration

of the symptoms, and participants were invited to complete a phone questionnaire until the symptoms had

disappeared, and/or they had returned to work.

Also, in the participants of the sub-study, 20 mL of peripheral blood was collected by venipuncture in Va-

cutainer Heparine tubes at both visits (day 0 and day 15 after intervention). Of these, 1 mL was used for im-

mediate whole blood surface staining for flow cytometry analysis. The remaining volume (19 mL) was used

to isolate PBMCs by Ficoll density gradient centrifugation. Cells were frozen and stored in liquid nitrogen at

a density of 5x106 until further analysis.

All studies involving human samples were conducted following the Declaration of Helsinki principles, cur-

rent legislation on the confidentiality of personal data, and ICH Good Clinical Practice Guidelines, and

were approved by the Human Ethics Committee of the Germans Trias i Pujol. The MANRECOVID19 clinical

trial protocol and its subsequent amendments were evaluated and approved by the Independent Ethics

Committee (IEC) of the Germans Trias i Pujol University Hospital (PI-20-165) and by the IEC of IDIAPJGol

(20/090-AC).
METHOD DETAILS

Reagents

M. manresensis (strain CECT 8638) was grown and subcultured in 7H11 plates and processed as previously

described.33 Colony-forming units (cfu) were counted, heat-killed through incubation for 30 min at 80�C,
aliquoted, and stored at �20�C.

The BCG vaccine (BCG-Medac, Medac, Germany) was diluted with endotoxin-free PBS, heat-killed through

incubation for 20 min at 80�C, and stored at �20�C.

Staphylococcus (S.) aureus (strain H-9477 from the Microbiology Laboratory at the Germans Trias i Pujol

University Hospital) was grown on Luria-Bertani (LB) broth until it reached the log phase. Bacteria were

counted, heat-killed through incubation for 30 min at 80�C, and stored at �20�C.

Lipopolysaccharides (LPS) from Escherichia coli O55:B5 (Sigma-Aldrich, Germany) were resuspended in

endotoxin-free H2O and stored at �20�C.

Mycobacterium tuberculosis H37Rv Pasteur strain (Mtb) was grown in 250 mL PYREX bottles in a shaking

incubator at 37�C and 120 rpm in Middlebrook 7H9 broth (Becton Dickinson, Spain) supplemented with

0.2% glycerol, 0.5% albumin-dextrose catalase (Becton Dickinson, Spain) and 0.05% Tween 80. Bottle

caps were left half open to allow unlimited O2 availability. Mycobacteria were grown to mid-log phase,

counted, heat-killed through incubation for 30 min at 80�C, and stored at �20�C.

SARS-CoV-2 was isolated from a nasopharyngeal swab collected from a COVID-19 patient in March 2020 in

Spain, which was processed as previously described.79 Viral stock was inactivated for 20 min at 65�C and

titrated on Vero E6 cells (ATCC Cat# CRL-1586, RRID:CVCL_0574) to confirm viral inactivation as compared

to an untreated viral stock, as previously described.80 The genomic sequence was deposited in the GISAID re-

pository (http://gisaid.org) under accession ID EPI_ISL_510689. The amount of nucleoprotein was measured

with a SARS-CoV-2 nucleocapsid protein high-sensitivity quantitative ELISA (ImmunoDiagnostics, Hong

Kong), following the manufacturer’s protocol. Aliquots were stored at �80�C. The Biological Biosafety Com-

mittee of the Germans Trias i Pujol Research Institute approved the execution of SARS-CoV-2 experiments at

the BSL3 laboratory of the Center for Bioimaging and Comparative Medicine.

A/Swine/Spain/SF11131/2007H1N1 swine influenza virus (SIV) strain was obtained using Madin-Darby

Canine Kidney (MDCK) cells (ATCC Cat# CCL-34, RRID:CVCL_0422), as described before.81 To this end,

cells were inoculated with a viral MOI of 0.001 with 10 mg/mL porcine trypsin (Sigma-Aldrich, Spain) to
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obtain the desired concentration after two days. Subsequently, cultures were frozen to allow the rupture of

infected cells and were then centrifuged. Titration of the inoculum was performed by serial dilutions in

MDCK cells and calculated using the Reed and Muench method.82 The final titer of the prepared SIV inoc-

ulum was 108.29 TCID50/mL. Supernatants containing the virus were then inactivated by incubation for 1 h at

60�C in a water bath and then stored at �80�C.

Monocyte isolation from buffy coats

Buffy coats from healthy blood donors (Banc de Sang i Teixits, Barcelona, Spain) were diluted in PBS and

incubated with RosetteSep Human CD3 Depletion Cocktail (StemCell Technologies, Vancouver, Canada)

to remove T cells. Monocyte-enriched suspensions were then acquired as previously described.38 Briefly,

peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque Plus (GE Healthcare, UK)

density gradient centrifugation, washed with PBS, and counted by flow cytometry using Perfect-Count mi-

crospheres (Cytognos, Spain). PBMCs were then layered on top of a hyperosmotic Percoll solution (Sigma-

Aldrich, Spain), and monocytes were isolated from the interphase by density gradient centrifugation,

washed with cold PBS, stained with FITC Mouse Anti-Human CD14 (BD Biosciences Cat# 555397, RRI-

D:AB_395798), and counted by flow cytometry using Perfect-Count microspheres (Cytognos, Spain).

Monocytes were resuspended in RPMI culture medium (Corning, NY, USA) supplemented with 1% peni-

cillin-streptomycin and 10% heat-inactivated human male AB serum (both from Sigma-Aldrich, Spain),

seeded into a flat-bottom 96-well plate (Corning, NY, USA) at a density of 100.000 cells/well, and incubated

at 37�C 5%CO2 for 1 h 30 min. Non-adherent cells were washed out with warm PBS. After Ficoll and Percoll

purification, 59.37% of the cells were CD14+. After adherence, CD14+ cells increased to a 78.71% of the

total.

Functional analyses

After the induction of trained immunity in both THP-1 cells and primary monocytes from buffy coats, we

determined modifications of proinflammatory cytokine secretion by ELISA, metabolic activity by L(+)-

Lactate measurements, as well as TNFa, IL-6, and IL-1b promotors epigenetic marks (H3K4me3 and

H3K27ac) by chromatin immunoprecipitation.

Metabolic activity assays

As metabolic marker, L(+)-Lactate from supernatants was analyzed using a colorimetric assay (Sigma-

Aldrich, Germany), following the manufacturer’s recommendations. In brief, 50 mL of reaction mix (contain-

ing 2 mL of lactate enzyme and 2 mL of lactate probe) was added to 50 mL of each sample diluted 1:20.

Absorbance was measured every 5 min for 30 min at 570 nm using a SPECTROstar NanoMicroplate Reader

(BMG LABTECH, Germany). Background values were subtracted from all readings, and all experiments

were performed in triplicate. Final values were expressed as mM of lactate.

RNA extraction and quantitative RT-PCR

After training, THP-1-derived macrophages were disrupted with QIAzol Lysis Reagent (Qiagen), and RNA

was extracted using the miRNeasy Mini Kit (Qiagen). Total RNA (500 ng) was reverse transcribed using the

RNA to cDNA EcoDry Premix (Clontech). Each RT reaction was then amplified in a LightCycler 480 PCR sys-

tem (Roche) using the KAPA SYBR Fast Master Mix (KAPA Biosystems). Samples were incubated for an

initial denaturation at 95�C for 5 min, then 40 PCR cycles were performed using the following conditions:

95�C for 10 s, 60�C for 20 s, and 72�C for 10 s. The primer pairs used in the study are listed in Table S1. Gene

expression values were normalized to the expression levels of HUPO and to the mean of untrained THP-1

cells.

Chromatin immunoprecipitation analysis

After training, primary monocytes from buffy coats were collected to perform chromatin immunoprecipi-

tation (ChIP). Next, 100,000 monocytes from three samples were crosslinked with 1% formaldehyde and

lysed, as previously described.83 Fixed cell preparations were sonicated with a Bioruptor Pico device (Dia-

genode, Belgium) using 10 cycles of 30 s on and 30 s off. Sonicated lysates were immunoprecipitated using

LowCell# ChIP kit protein A (Diagenode, Belgium), following the manufacturer’s protocol. We used ChIP-

grade antibodies (1–5 mg) specific for H3K4me3 (Abcam Cat# ab8580, RRID:AB_306649) and H3K27ac (Ab-

cam Cat# ab4729, RRID:AB_2118291) as active marks, and normal rabbit serum IgG (011-000-120, Jackson

Immunoresearch) as negative control. Equal amounts of immunoprecipitated DNAwere used for qPCR and
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they were normalized to total chromatin input (6% of the total chromatin). Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was used as a qPCR positive control of active marks. The primer pairs used are

listed in Table S1.

Leukocyte staining for flow cytometry analysis

Before staining, 1mL of peripheral whole blood was processedwith red blood cell lysing solution BD Pharm

Lyse (BD Biosciences, CA, USA), following the manufacturer’s instructions. Cells were resuspended in PBS-

2% heat-inactivated FBS (Lonza, Switzerland) and counted using Perfect Count microspheres (Cytognos,

Spain). Viability staining was then performed using Live/Dead Fixable Blue (ThermoFisher, L23105). A total

of 2x106 cells were resuspended in PBS-2%FBS, containing 10% True-Stain Monocyte Blocker (BioLegend,

426101), and incubated for 20 min at room temperature with the following antibodies: CD14 Spark Blue 550

(BioLegend Cat# 367148, RRID:AB_2832724); CD3 PerCP (BD Biosciences Cat# 345766, RRID:AB_2783791);

CD25 PE (BD Biosciences Cat# 557138, RRID:AB_396584); CD19 PE-Cy7 (BD Biosciences Cat# 560911, RRI-

D:AB_10562390); CD56 AF647 (BD Biosciences Cat# 563443, RRID:AB_2738209); CD127 APC-R700 (BD Bio-

sciences Cat# 565185, RRID:AB_2739099); HLA-DR APC-F750 (BioLegend Cat# 307658, RRID:AB_2572101);

CD11c BUV661 (BD Biosciences Cat# 612967, RRID:AB_2870241); CD39 BV421 (BioLegend Cat# 328213,

RRID:AB_10933084); CD8 BV510 (BD Biosciences Cat# 563919, RRID:AB_2722546); CD4 BV650 (BD Biosci-

ences Cat# 563875, RRID:AB_2744425); CD163 BV711 (BD Biosciences Cat# 563889, RRID:AB_2738469);

CD16 BV786 (BD Biosciences Cat# 563689, RRID:AB_2744299); and CD11b BB515 (BD Biosciences Cat#

564517, RRID:AB_2744271). Cells were then washed twice with PBS at 420 g for 5 min and fixed in PBS-

1% PFA buffer for 10 min at room temperature. Cells were acquired using a 5-laser Full Spectrum Aurora

Flow Cytometry System (RRID: SCR_019826), with a minimum of 3x105 events acquired for each sample.

Controls included unstained and single stained samples for unmixing raw data. Results were analyzed us-

ing SpectroFlo (Cytek Biosciences, CA, USA) and FlowJo (RRID: SCR_008520) software.

In vitro stimulation of monocytes from MANRECOVID19 clinical trial

Frozen PBMCs from each donor at 0 and 15 days were thawed simultaneously. Recovered monocytes were

washed, and counted as described above. PBMCs containing 50,000monocytes were resuspended in RPMI

culture medium supplemented with 100 U/ml penicillin and streptomycin, 10% FBS (Lonza, Switzerland),

and 5% human AB serum, 100 U/mL penicillin, and seeded into 96-wells plates. Cell culture was then en-

riched in monocytes by allowing cells to adhere to polystyrene flat-bottom plates for 30 min in a 5%

CO2 incubator at 37�C. Non-adherent cells were washed out with warm PBS and adherent cells were incu-

bated in complete RPMI for 24 h. After the resting period, macrophages were stimulated either with 100 ng/

mL LPS, 106 cfu/mL hkMtb, 107 cfu/mL hkS. aureus, 2.25 pfu/mL InSARS-CoV-2, 6.85x103 pfu/ml InSIVs or

with RPMI only as negative control for 24 h. Cellular supernatants were aliquoted and stored at�20�C until

further analysis.

Cytokine measurements

Cytokine levels were assessed by ELISA, following the manufacturer’s instructions, using OptEIA TNFa,

IL-6, IL-1b, and IL-10 kits (BD Biosciences, CA, USA). Values below the detection limit of the test were re-

placed by the detection limit of the test, namely 1.56 pg/mL, 0.47 pg/mL, 1.95 pg/mL, and 2.93 pg/mL,

respectively. IL-1ra was analyzed also by using a simple step ELISA kit (Abcam, the Netherlands), with

0.976 pg/mL as limit of detection. All samples were analyzed in triplicate. For the MANRECOVID19 biolog-

ical samples, a fold change in concentration (day 15/day 0) was calculated.

QUANTIFICATION AND STATISTICAL ANALYSIS

In vitro assays were analyzed using the Kolmogorov-Smirnov test to assess normal distribution, and given

that the data were not following a Gaussian distribution, a Wilcoxon matched-pairs signed-rank test

comparing the raw values to those of the untreated controls. A two-tailed p value below 0.05 was consid-

ered statistically significant.

Clinical trial analyses were conducted with the statistical software R (v4.1, RRID:SCR_001905), with a signif-

icance level of 5%. The main numerical variables are described by means of dispersion measures and the

categorical variables through frequencies. Comparison of means (t-test or similar) or comparison of distri-

butions (chi-square or similar) were used for bivariate comparisons between groups. All participants who

met inclusion criteria were analyzed as Intention to treat (ITT) population. The per protocol (PP) population
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was composed by those participants with a confirmed negative result in the SARS-CoV-2 test before the

study initiation, who completed the final study visit without significant deviations from the protocol and

had not received any COVID-19 vaccine before the study end.

The main variable was considered dichotomous (0: no infection, 1: infection) and, consequently, logistic

regression models were fitted using as independent variables those presenting a significant difference

in the previously bivariate comparisons. In addition, we also added demographics, clinical variables

and/or those considered relevant in the adjustment of the odds ratio (OR) estimators. The Goodness-of-

fit (GoF) of the final model was analyzed using the residuals. The results of the analyses were tabulated

with descriptive data for the main outcome, univariable ORs and adjusted ORs with the 95% confidence

interval (CI) and their p value. Time-to-event variables of interest (e.g., days to complete disappearance

of symptoms) were analyzed using between-group survival models based on Log rank test from the esti-

mated Kaplan-Meier curves and Cox proportional hazards models. Kaplan-Meier were also used to esti-

mate themedian life and its 95% CI. Time to event between groups were compared using Cox proportional

hazards models adjusted for the different baseline variables of interest. The hazard ratio (HR) point esti-

mator, and its 95% CI, was tabulated together with the total number of events observed throughout the

study. A validation of the Cox models was carried out using residuals analysis. Specifically, the following

assumptions were validated: proportional Risks by Schoenfeld residuals, and effect of outlier observations

by Residual deviance.

Inflammatory response and circulating immune cell populations were collected at baseline and 15 days

post-treatment administration, and the analyses were conducted for the fold-change (FC) between sam-

ples at day 15 against their baseline. Inflammatory response and circulating immune cell populations of

healthy volunteers were described as median and interquartile range (IQR) and frequencies with its per-

centages. The median FCs between treatment arms was compared by means of the Mann-Whitney test un-

der a significance level of 0.05. Analyses were conducted using the R statistical package (v4.1,

RRID:SCR_001905) and GraphPad Prism (version 9.0, RRID:SCR_002798).
ADDITIONAL RESOURCES

Clinical Trial was registered with the code NCT04452773 at ClinicalTrials.gov.
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