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Abstract

Death from sepsis in the neonatal period remains a serious threat for millions. Within 3 days of 

administration, bacille Calmette-Guérin (BCG) vaccination can reduce mortality from neonatal 

sepsis in human newborns, but the underlying mechanism for this rapid protection is unknown. We 

found that BCG was also protective in a mouse model of neonatal polymicrobial sepsis, where it 

induced granulocyte colony-stimulating factor (G-CSF) within hours of administration. This was 

necessary and sufficient to drive emergency granulopoiesis (EG), resulting in a marked increase in 

neutrophils. This increase in neutrophils was directly and quantitatively responsible for protection 

from sepsis. Rapid induction of EG after BCG administration also occurred in three independent 

cohorts of human neonates.

INTRODUCTION

Neonatal death remains a serious threat, currently comprising nearly half of all under 5-year-

old mortality (1). Among the causes of neonatal death, infections are prominent, leading to 

an estimated 1.6 million neonatal deaths every year (2, 3). The most severe and 

overwhelming form of neonatal infection is sepsis, most commonly striking during the first 

few days of life (4-6). Although a microbial cause for neonatal sepsis is identified in only 

one-fifth of cases, the list of possibly causative pathogens is not only long but also varies 

between populations (7-9). This poses considerable difficulty in providing protection from 
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neonatal sepsis through pathogen-specific vaccination. A pathogen-agnostic approach to 

broadly protect from neonatal sepsis is urgently needed.

Neonatal bacille Calmette-Guérin (BCG) vaccination can reduce overall neonatal mortality 

in addition to tuberculosis, variably referred to as BCG’s beneficial heterologous, off-target, 

nonspecific, or pathogen-agnostic effect (10, 11). In a meta-analysis of three randomized 

controlled trials comprising 6544 high-risk neonates in low-resource settings, BCG-

Denmark administered shortly after birth reduced overall mortality in the first 28 days of life 

by 38% [95% confidence interval (CI), 17 to 54%] and the in-hospital sepsis case fatality by 

54% (2 to 78%); of note, a 45% decrease in mortality was already detected in the first 3 days 

after BCG administration (6, 10). The mechanisms for BCG’s pathogen-agnostic protective 

effects have not been established but have been hypothesized to possibly involve cross-

reactive T cells and/or activation of innate immunity (12, 13). Given the substantial public 

health implications of neonatal infection and BCG’s beneficial nonspecific effects, 

understanding the underlying mechanisms is extremely important (14-17).

RESULTS

BCG vaccination was protective against polymicrobial sepsis

To identify the mechanism of BCG’s nonspecific effects, we tested BCG in a well-

established murine neonatal sepsis model in which we subcutaneously administered 50 μl of 

BCG-Denmark (Statens Serum Institute) to neonatal mice [day of life (DOL) 4 to 5], 

followed 3 days later by intraperitoneally injected cecal slurry (CS) to induce polymicrobial 

sepsis (18-23). We found that BCG markedly improved survival in neonatal mice as it does 

in humans (Fig. 1A and data file S1). BCG-mediated protection was, however, time limited 

after neonatal vaccination, and it no longer conferred protection when challenge was delayed 

by 10 to 12 days (fig. S1A). BCG-induced protection was also dependent on the age of 

administration, such that mice vaccinated in the juvenile period (preweaning; DOL 17 to 18) 

were protected, whereas adult mice immunized at 6 weeks of life were not protected when 

challenged 3 days after BCG (fig. S1, B and C).

Neonatal BCG vaccination was associated with decreased production of potentially harmful 

inflammatory cytokines (Fig. 1B and fig. S2A) and reduced bacterial load in blood and 

organs 24 hours into sepsis (Fig. 1C). The beneficial effect of BCG could, thus, have 

resulted from directly reducing bacterial load, from preventing harmful inflammatory 

responses during sepsis, or both (24). Lipopolysaccharide (LPS)–induced neonatal death, 

which we have previously shown to be due to inflammation (19), was used to assess whether 

BCG’s protective effect was related to inflammation. Specifically, we broadly measured 

plasma cytokine production in BCG-vaccinated and control mice 3 days after BCG 

(prechallenge) and 24 or 12 hours after intraperitoneal challenge with either CS or LPS to 

identify the changes immediately before mortality in the two challenge models (Fig. 1D). 

Principal components analysis (PCA) revealed substantial differences in cytokine production 

between pre- and postchallenge samples [PC1; 61.7% of variance explained between pre- 

and postchallenge (CS and LPS) and between challenge type in postchallenge samples (PC2; 

9.5% of variance explained between CS and LPS)]. Nevertheless, although cytokine 

responses to challenge with CS differed between BCG and control pups, the cytokine profile 
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after LPS challenge was not affected by BCG. BCG also did not protect mice from 

intraperitoneally injected LPS-induced endotoxin shock and death (Fig. 1, E and F, and fig. 

S2B). This suggests that BCG’s protective effect against CS challenge was not the primary 

result of an altered host inflammatory response but mediated by another mechanism such as 

antimicrobial effector function.

BCG-induced increase in neutrophils was required and sufficient for protection from 
sepsis

Antimicrobial effector functions can be broadly divided into cellular and humoral 

mechanisms (25). We hypothesized that neutrophils, among the most rapidly acting innate 

antimicrobial effector cells (26), might play a central role in BCG-induced protection. 

Neutrophil populations in the spleen, a hematopoietic organ in the neonate, changed 

markedly after BCG vaccination, with increased immature neutrophils detectable 2 to 3 days 

after vaccination, followed by mature neutrophils on day 3 after vaccination; these were 

released from the spleen 24 hours after challenge (Fig. 2A; gating strategy in fig. S3). We 

found that the BCG-induced reduction in bacterial burden (24-hour post-CS challenge) was 

transferable to naïve recipients by adoptive transfer of the cellular compartment from BCG-

vaccinated donor spleens 3 days after vaccination, the same time frame that conferred the 

survival benefit (Fig. 2B). This supported the hypothesis of important cellular antimicrobial 

mechanisms. To directly examine the role of mature neutrophils, we used both neutrophil 

depletion (positive selection of mature neutrophils via magnetic antibody labeling of Ly6G+ 

cells) and purification (negative selection of mature neutrophils via magnetic antibody 

labeling of all other cells) to determine whether the BCG-induced increase in neutrophils 

was necessary and/or sufficient to provide the observed protection (adoptive transfer strategy 

in fig. S4). We found that adoptive transfer of neutrophil-depleted spleens did not protect 

(Fig. 2B and fig. S5A), yet transfer of purified mature neutrophils did (Fig. 2C and fig. 

S5B). Furthermore, scaling up the number of mature control neutrophils to match the 

number present in a BCG-vaccinated donor spleen or, conversely, scaling down the number 

of neutrophils in a BCG-vaccinated donor spleen to match the number present in the control 

donor spleens, provided the same degree of protection (Fig. 2C and fig. S5B). This indicated 

that the increase in mature neutrophils directly correlated with BCG’s beneficial effect in 

reducing mortality upon sepsis challenge.

The ability of BCG to protect different age groups and the duration of protection reflected 

the age-dependent ability of BCG to induce mature neutrophil expansion. Vaccination in 

early life (DOL 4 to 5) followed by delay of challenge to DOL 16 to 17 showed no BCG-

induced neutrophil expansion or protection (figs. S1A and S6A). However, both protection 

against CS-induced mortality and BCG-induced neutrophil expansion were observed in 

juvenile mice administered BCG on DOL 18 (figs. S1B and S6B). BCG did not protect adult 

mice from sepsis, nor was any neutrophil expansion observed after BCG administration to 

adult animals, further confirming the association of neutrophil expansion with BCG’s ability 

to protect (figs. S1C and S6, C and D). This points to a narrow and specific window of 

opportunity around birth for BCG to exert its protection from polymicrobial sepsis.
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Although neutrophil expansion after BCG vaccination was associated with bacterial 

clearance (Fig. 1C), it could also potentially induce harm (27, 28). Despite greater neutrophil 

recruitment into the lungs 24 hours after challenge of previously BCG-vaccinated mice, no 

notable pathological differences were observed between the lungs of control and BCG-

vaccinated mice (fig. S7, A to I). Instead, the number of neutrophils recruited to the lung 

correlated with reduced bacterial burden, as well as accelerated weight recovery 

postchallenge (fig. S7J and K), both established markers of improved outcome in this model 

(29).

BCG induced granulocyte colony-stimulating factor, which, in turn, activated emergency 
granulopoiesis

The rapid increase in neutrophils suggested that BCG vaccination might induce emergency 

granulopoiesis (EG) (30, 31). EG is inducible after direct stimulation of hematopoietic stem 

cells via pattern recognition receptors (PRRs), or indirectly via reactive oxygen species 

(ROS) or hematopoietic growth factors (30, 31). BCG-induced EG and protection from 

bacterial sepsis 3 days after vaccination were observed in mice deficient in Toll-like receptor 

4 (TLR4), myeloid differentiation primary response 88 (MyD88), TIR domain-containing 

adapter-inducing interferon-β (TRIF), S100A9, nucleotide-binding oligomerization domain 

(NOD), stimulator of interferon genes (STING), or Dectin, as well as in recombination-

activating gene (RAG)–deficient mice, indicating that the effect did not depend on direct 

activation of these PRRs, their immediate downstream effectors, or V(D)J recombination 

(fig. S8, A to C) (32, 33). Furthermore, the ROS-mediated pathway, which can induce EG, 

was not required either as BCG induced neutrophil expansion in Phox-deficient mice that are 

unable to produce ROS (fig. S8, A to C) (29-31). Survival from neonatal sepsis was not 

affected by knockout of TRIF or S100A9 (fig. S8, D and E). Hematopoietic growth factors 

that can induce EG, such as granulocyte colony-stimulating factor (G-CSF), granulocyte 

macrophage-colony stimulating factor (GM-CSF), and interleukin-1β (IL-1β), IL-3, and 

IL-6 (30, 31) were all markedly increased within hours of BCG administration (Fig. 3A and 

fig. S9A). Administration of blocking or neutralizing antibodies that impaired G-CSF 

signaling was capable of blocking BCG-induced EG, whereas blocking any of the other EG-

inducing cytokines did not affect neutrophil expansion after BCG (Fig. 3B and fig. S9B). 

BCG-mediated induction of EG was confirmed by up-regulation of the canonical 

transcriptional regulator of EG, Cebp-β (Fig. 3D). The lack of impact on Cebp-α indicated 

that steady-state granulopoiesis was not affected by BCG (fig. S9C) 12 hours after 

vaccination (30, 31). Furthermore, recombinant G-CSF (rG-CSF) administration induced 

BCG-like EG and also increased survival from sepsis (Fig. 3C and fig. S9D). The cytokine 

signal inducing EG rapidly returned to baseline 48 to 72 hours after vaccination (Fig. 1D and 

fig. S10). Last, EG resulted in rapid expansion of the total number of granulocyte-monocyte 

precursors (GMPs), as determined by culturing hematopoietic progenitors isolated from 

mouse spleens 2 days after vaccination in semisolid medium (Fig. 3E), as well as their in 

vivo expansion as determined by flow cytometry (Fig. 3F, with flow cytometry gating 

strategy shown in fig. S11). These data supported the hypotheses that BCG induced EG to 

allow rapid neutrophil expansion and that BCG-induced G-CSF was both necessary and 

sufficient for EG and protection.
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BCG induced EG in murine and human cohorts

To assess whether BCG vaccination induced similar mechanisms in human newborns, we 

measured whole-blood transcriptomes of BCG-vaccinated and unvaccinated newborns 

recruited in Guinea-Bissau, a low-resource setting where newborn infectious death is among 

the highest in the world, and compared these to BCG-induced transcriptional changes in our 

mouse model. We used sparse partial least squares discriminant analysis (sPLS-DA) to 

identify discriminatory genes between BCG-vaccinated and unvaccinated mice or humans 

from the multivariate feature space 24 hours after vaccination. In both cases, the identified 

genes separated BCG-vaccinated from unvaccinated mice (Fig. 4A) or humans (Fig. 4B). 

Querying the biological functions of these genes using gene set enrichment analysis (against 

the Broad Institute’s MSigDB collection), we found that they were largely overlapping 

between mouse and human and specifically enriched for neutrophil function (Fig. 4C). 

Human findings were further validated in two independent human newborn cohorts from 

other low-resource settings [The Gambia and Papua New Guinea (PNG)] (Fig. 4, D and E) 

(34). The kinetics of BCG-induced changes of gene signatures highlight the rapid (24 hours) 

but short-lived (<1 week) impact of BCG on peripheral blood transcriptomics [whole-blood 

RNA sequencing (RNA-seq)]. Identical changes in pathways consistent with EG were 

detectable in all human cohorts and were limited to an early post-BCG time point. 

Specifically, signals reflecting G-CSF–induced changes in neutrophils were observed on day 

1, but not days 3 or 7 after vaccination. Last, human newborn vaccination with BCG 

increased peripheral blood neutrophil counts (Fig. 4E); more specifically, BCG delayed the 

normal physiological contraction of the neutrophil compartment that occurs over the first 

week of life (35). Together, these data indicate that BCG-induced EG occurs in human and 

murine newborns.

DISCUSSION

Although BCG can protect human newborns from off-target infections, possible mechanisms 

have thus far been investigated only in adults, and even in these adult studies, only 

associations have been described, not a mechanistic cause-and-effect relationship (36, 37). 

Our data showed that in a controlled system, BCG had nonspecific effects and reduced 

polymicrobial-induced septic death and bacterial burden in a neonatal mouse model via 

antimicrobial but not anti-inflammatory mechanisms. The ability to protect was rapid, short-

lived, and dependent on BCG administration in the neonatal and juvenile, but not adult, age 

groups. Multiple techniques were used to identify greater neutrophil levels as both 

associated with improved survival and causatively linked to the ability to protect. We 

identified BCG-induced EG, stimulated by BCG-induced G-CSF, as both necessary and 

sufficient for rapid protection shortly after birth. Neutrophilic signatures were identified in 

both mouse and human transcriptomic data within 24 hours of vaccination, and greater 

neutrophil numbers were confirmed in human peripheral blood, validating a part of the 

mechanism in humans.

Our study has several limitations. The conclusion that BCG-induced EG was functionally 

responsible for the observed protection from sepsis is based on murine data only. This 

cannot be directly addressed in human neonates, where only associations can be inferred. 
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Our study focused on BCG-Denmark, but licensed BCG vaccines vary considerably in their 

properties (38), such that studies comparing different BCG formulations are warranted. 

Moreover, our human neonatal cohorts had been vaccinated with BCG and vaccines 

routinely recommended according to their countries’ health policies [oral polio vaccine 

(OPV) in Guinea-Bissau, and OPV and hepatitis B vaccine in The Gambia and PNG], 

whereas our mice received only BCG. The other vaccines could have contributed to the 

observed signals in our human samples; however, our findings in murine neonates suggest 

that BCG was sufficient to induce EG and protection.

Given the observed longer-term protection afforded by BCG in humans, there may be 

additional protective pathways we did not capture in our model focused on immediate 

protection from sepsis (12, 13). Our study addresses BCG’s nonspecific effect in the most 

relevant age group and setting (human newborns in low-resource settings) and focuses 

specifically on the most notable nonspecific protective effect of BCG, namely, the ~50% 

reduction in death of high-risk, low-birthweight newborns from infection within 3 days of 

receiving BCG (5). Neonatal susceptibility to sepsis has been linked to delayed EG (22). 

Increasing neutrophil numbers in the immediate newborn period may provide immediate 

albeit short-term protection. Although appropriately powered human newborn trial data are 

lacking (39), prophylactic administration of rG-CSF to newborns at risk could potentially be 

protective. Our findings point to opportunities to further test prophylactic interventions 

targeting EG in high-risk newborns.

MATERIALS AND METHODS

Study design

This study aimed to elucidate mechanisms responsible for nonspecific protection by BCG in 

early life. We had hypothesized that the ability to protect was mediated by an innate immune 

cell, specifically the neutrophil due to the speed of protection. Neonatal mice were used to 

allow for a controlled and standardized model to study relevant pathways, with survival and 

bacterial burden standing as measurements of disease severity. Mouse survival assays had 

sample size calculated as described (29). Survival assays required a minimum of 17 mice per 

group to detect a 40% increase in survival in mice challenged with a dose lethal for 65% of 

recipients (LD65). Other assays involving a Wilcoxon rank-sum test had required group size 

calculated on a pilot of 10 mice using the R package “samplesize” version 0.2-4 (for both 

tests, an α error of 0.05, a β error of 0.20, and group proportion 50:50 were used). Cytokine 

measurement assays had sample size selected to maximize the use of multiplex plate and 

standards. Flow cytometry tests analyzed by unpaired two-sided t test required a sample size 

of 5 (α error of 0.05 and β error of 0.20) calculated using R package “pwr” version 1.3-0. 

Lung histology experiments were performed with five mice per group (40). GMP cell 

culturing sample size was recommended by STEMCELL Technologies. Mice were excluded 

if any injection leaked more than 10% or if they were a runt (greater than 25% less weight 

than that litter’s average).

Analyzing the response to BCG in human newborns allowed us to assess whether the same 

signature that was functionally essential for protection from sepsis in neonatal mice was also 
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present in human neonates. Sample size calculations were not performed for the human 

experiments; instead, the maximum number of samples that were available was used.

The BCG-Immediate (BCGIMED) study inclusion criteria included informed consent, 5-

min Apgar scores ≥2, and admission weight ≥ 1250 g. The exclusion criteria were gross 

malformations, being moribund, or prior vaccination. Inclusion criteria for The Gambia and 

PNG (EPIC Consortium) study sites included informed consent, a healthy-appearing infant 

as determined by physical examination, born by vaginal delivery at gestational age of ≥36 

weeks, 5-min Apgar scores ≥8, and a birth weight ≥2.5 kg. Exclusion criteria for these sites 

included any positive screening results for maternal HIV-1 and HIV-2 and hepatitis B. 

BCGIMED was randomized, whereas The Gambia and PNG sites recruited participants as 

part of an observational study assessing the impact of standard local immunization 

recommendations.

For work involving both mice and humans, the experimental end points were predetermined. 

Most mouse experiments were not blinded but were anonymized by mouse number after 

treatment and were split evenly by sex between treatment groups, followed by 

randomization. An exception to this was the histological scoring of mouse lungs for 

inflammatory damage, where the pathologists were not informed of group status, treatment, 

or the hypotheses of the study and were only tasked with scoring for inflammatory markers 

and neutrophil status. Those administering the vaccine to human neonates were not blinded 

to subject treatment status, but the subsequent blood draw and performance of techniques 

like flow cytometry were blinded to treatment.

Mice and monitoring

All animal work conducted was approved by the Institutional Animal Care and Use 

Committee at the University of British Columbia (UBC) (protocol A17-0110). Specific 

pathogen–free male and female mouse breeding pairs for C57BL/6J (B6, stock number 

000664) and knockouts for RAG-1 (stock number 002216)–, Dectin-1 (stock number 

012337)–, TRIF (stock number 005037)–, NOD-2 (stock number 005763)–, gp91phox 
(Phox/ROS, stock number 002365)–, STING (stock number 025805)–, and GM-CSF (stock 

number 026812)–deficient (homozygous) mice (all on a C57BL/6J background) were 

purchased from The Jackson Laboratory. MyD88-deficient mice [B6.129P2(SJL)-

Myd88tm1.1Defr/J] were a gift from B. Vallance (UBC), TLR4 knockout mice were a gift 

from B. Verchere (UBC), G-CSF knockout mice were a gift from M. Hibbs (Ludwig 

Institute for Cancer Research), and S100A9 were a gift from T. Vogel (Institute of 

Immunology, Muenster, Germany). All mice were allowed 7 days to adjust to their new 

environment before breeding was initiated at 6 to 10 weeks of age. Nonbreeding mice were 

maintained on standard rodent food (Teklad, 2918), whereas breeding mice were on a high-

fat diet (Teklad, 2919), and both had water ad libitum. To generate neonatal mice, paired 

matings were established twice weekly; females were isolated from males as soon as they 

were visually identified as pregnant and followed twice daily thereafter to record an accurate 

date of birth.
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Murine BCG vaccination

Lyophilized BCG (Danish strain 1331) from Statens Serum Institute, Denmark, was stored 

at −80°C until reconstitution with 1 ml of Sauton serum. Vials were inverted three to five 

times, then gently mixed three times with a 28-gauge syringe, and stored at 4°C until 

injection. Mice were vaccinated on DOL 4 to 5 via a 50-μl subcutaneous injection of 1 × 105 

to 4 × 105 colony-forming units (CFU) as per product insert sheet and as published (41-43). 

Mice vaccinated during the juvenile and adult age frames (DOL 21 and 6 weeks of age, 

respectively) were subcutaneously administered an adult dose of 2 × 105 to 8 × 105 BCG 

CFU in 100 μl.

Murine sepsis challenge

The neonatal sepsis mouse model was performed as previously described (18, 19, 29). 

Briefly, CS was obtained from adult (aged 6 to 12 weeks) male caeca and resuspended in 

dextrose 5% water (D5W; Baxter, JB0081) at a concentration of 160 mg CS/ml D5W and 

then passed through a 70-μm filter (Falcon, 352350). Aliquots were divided and frozen at 

−80°C until challenge. Storage at −80°C had no effect on CS viability over 6 months (29). 

Aliquots were thawed and diluted further with D5W, and neonatal mice at DOL 7 (3 days 

after vaccination) were challenged via intraperitoneal injection of 100 μl of CS at a litter- 

and weight-adjusted dose as described (29). Before challenge, a working stock was prepared 

on the basis of the average weight of the litter. Individual doses were then adjusted through 

multiplying the average dose by each mouse’s percent weight difference compared with that 

litter’s average weight. For mice that received BCG vaccination as neonates and had 

challenge delayed to the juvenile period, challenge commenced on DOL 14 to 17. For mice 

that received BCG vaccination as juvenile mice at DOL 18, challenge commenced on DOL 

21. Adult mice vaccinated at 6 weeks were challenged 3 days later. To account for batch and 

potential donor variation, each preparation of CS was titered in control mice to reach an LD 

as desired for a given experiment. This specific, weight-adjusted dose ranged from 0.80 to 

0.95 mg CS/g mouse, depending on the desired LD, mouse strain, and batch effects. The 

same batch of CS and challenge dose was kept constant for an entire experiment. Litter-to-

litter variation was accounted for by having a balanced number of treated and control mice 

in each litter.

Murine LPS challenge

Neonatal mice were intraperitoneally challenged with a dose of LPS (from Escherichia coli 
O26:B6, Sigma, L8274) pretitered to yield an LD70. Administration was in a weight-

adjusted dose. The stock was diluted in endotoxin-free Dulbecco’s phosphate-buffered saline 

(dPBS) (Gibco, catalog no. 14190-144) with the average mouse receiving 15 μg LPS/g body 

weight in a 100-μl injection. This strategy allowed for injection volumes and dosages of LPS 

to be similar between litters that varied in weight.

Murine monitoring and humane end point

Mice were monitored as in (29). Briefly, mice were monitored 2 hours after challenge and 

then every 4 to 6 hours over the first 2 days, followed by monitoring one to two times per 

day and with increased frequency if mice displayed declining health. Humane end point was 
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determined using righting reflex and mobility, as previously described (29). Juvenile and 

adult mice that were challenged were observed as described in table S2.

Quantifying bacterial burden in mice

After euthanasia with isoflurane and CO2, blood was slowly drawn via cardiac puncture into 

a 28-gauge insulin syringe (BD, 329461) preloaded with 10 μl of heparin (1000 U/ml; 

Fresenius Kabi Canada, DIN 02264307) and placed on ice. Peritoneal wash was obtained by 

intraperitoneally injecting 500 μl of sterile dPBS (Gibco, catalog no. 14190-144) and then 

gently massaging the body cavity 20 times before aseptic aspiration. Organs were dissected 

with tools sterilized by hot-bead sterilizer, and organs were placed into preweighed 

microcentrifuge tubes (spleen) or 15-ml Falcon tubes (liver and lung), weighed, and held on 

ice. The spleen was homogenized by being pushed through a 70-μm filter placed in a 35-mm 

petri dish using the plunger of a 1-ml syringe (BD, 1187A16). The liver and lung were 

homogenized using a handheld homogenizer (Polytron, PT 1200 E). Each organ was serially 

diluted 1:10 (up to 106), and 40 μl of each dilution was plated on 5% sheep blood agar plates 

(sheep blood, Dalynn, HS30; tryptic soy agar, Sigma, 22091). Bacterial CFU were counted 

after 18- to 22-hour incubation at 37°C. For solid organs, bacterial burden was represented 

per gram tissue to account for differences in organ and mouse sizes.

Adoptive transfer of splenocytes between mice

Neonatal spleens containing immune and hematopoietic progenitor cells were adoptively 

transferred by an intraperitoneal injection of 50 μl of cell suspension or a control injection of 

dPBS followed immediately by the injection of 100 μl of CS previously titered to an LD70 

into the same compartment to induce sepsis. The cells were collected from age- and sex-

matched control or BCG-vaccinated donor spleens 3 days after vaccination. Spleens were 

disrupted as previously described, placed in endotoxin-free dPBS and cryovials (Corning, 

430658), and stored at room temperature (RT) without red blood cell (RBC) lysis (44). 

Tissues from multiple age-matched and sex-matched donors were combined into a single 70-

μm cell strainer, gently dissociated through the filter using the plunger of a 1-ml syringe, 

centrifuged for 5 min at 470g, and counted using an automated cell counter and dye 

(Nexcelom Bioscience Cellometer Auto 2000, ViaStain CS2-0106). The cells at this stage 

were used in the three experimental setups shown in fig. S4: (i) adoptive transfer of the 

heterogeneous whole-spleen compartment, (ii) depletion of mature neutrophils via biotin 

anti-Ly6G and magnetic anti-biotin separation (Miltenyi, 130-107-911 and 130-097-046), or 

(iii) neutrophil purification by negative magnetic selection (Miltenyi, 130-097-658). These 

selection procedures were performed according to the manufacturer’s recommendations, 

with the exception that processes were performed at RT and without RBC lysis. The number 

of viable cells adoptively transferred was based on the average number of cells found within 

the spleen of a 7- to 8-day-old mouse (4 × 106 cells/g mouse for the whole spleen). Mature 

neutrophils accounted for 5% of the whole-spleen cellular compartment; therefore, 2 × 105 

neutrophils/g mouse were transferred in the purified neutrophil experiment. Control 

neutrophils were also purified and scaled up beyond the number in a normal control spleen 

so that the number of neutrophils would be the same as in the BCG-vaccinated donors. In 

the depletion experiment, the number of cells transferred was adjusted for the removal of the 

neutrophil population, and 3.85 × 106 cells/g mouse were transferred to recipient neonatal 
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mice. An aliquot of each purification or depletion sample was assessed by flow cytometry 

using the neutrophil markers CD11bpos, Ly6Ghi, Ly6Cint, CD3neg, MHCIIneg, and NK1.1neg, 

as described (45), to verify purity, which was consistently >95%.

Murine plasma cytokine production

After isoflurane and CO2 euthanasia, blood was promptly obtained via cardiac puncture with 

a 28-gauge insulin syringe preloaded with 10 μl of heparin (1000 U/ml). Blood was stored 

on ice for up to 30 min and centrifuged with soft brake at 650g for 10 min. Plasma was then 

collected and stored at −80°C for further quantification of plasma cytokines and 

chemokines. Murine plasma was used to measure cytokine concentrations using a 

predesigned Multi-Analyte Cytokine Mouse Magnetic Panel bead array (Thermo Fisher 

Scientific, EPX480-20834-901) following the manufacturer’s recommendations. The panel 

detected the following 47 analytes: B cell activating factor (BAFF), betacellulin (BTC), 

epithelial-derived neutrophil-activating peptide 78 (ENA-78), Eotaxin, G-CSF, GM-CSF, 

growth-regulated oncogene-α (GRO-α), interferon-α (IFN-α), IFN-γ, IL-12p70, IL-10, 

IL-13, IL-15, IL-17A, IL-18, IL-19, IL-1α, IL-1β, IL-2, IL-22, IL-23, IL-25, IL-27, IL-28, 

IL-2RA, IL-3, IL-31, IL-33, IL-33R, IL-4, IL-5, IL-6, IL-7, IL7-RA, IL-9, interferon 

gamma-induced protein 10 (IP-10), Leptin, monocyte chemoattractant protein-1 (MCP-1), 

MCP-3, M-CSF, macrophage inflammatory protein-α (MIP-1α), MIP-1β, MIP-2, receptor 

activator of nuclear factor kappa B ligand (RANKL), regulated on activation, normal T cell 

expressed and secreted (RANTES), tumor necrosis factor-α (TNF-α), and vascular 

endothelial growth factor A (VEGF-A). Results were obtained with a FLEXMAP 3D 

System (CS1000) with MasterPlex CT version 1.2.0.7 (Hitachi Solutions America). 

Cytokine concentrations were determined using R (version 3.4.3) and “drLumi” (version 

0.1.2).

Inhibition of EG-inducing cytokines

Cytokines previously reported to be able to induce EG (30, 31) were inhibited by injection 

of antibody or biological inhibitors. Anakinra [Kineret from Sobi DIN 02245913; anti-IL-1 

at 25 μg/g mouse as used in (46)], etanercept [Enbrel from Amgen, DIN 02242903; anti–

TNF-α at 15 μg/g mouse as used in (47)], tocilizumab [Actemra from Roche, DIN 

02350092; anti-IL-6R at 5 μg/g mouse as used in (48)], anti–IL-3 (aIL3 from Abcam, 

ab9726; at 2.5 μg/g mouse as recommended by the product sheet], anti–G-CSF (from R&D 

Systems, MAB414; 10 μg per injection as used in (49)], and anti–GM-CSF (from Abcam, 

ab9741; at 10 μg/g mouse as recommended by the product sheet] were each administered in 

40-μl intraperitoneal doses to separate mice 12 hours before vaccination, at vaccination, and 

at 24 and 48 hours after vaccination until euthanasia at 72 hours after vaccination for flow 

cytometry of splenocytes.

rG-CSF administration

Neonatal mice were administered rG-CSF in lieu of BCG vaccination on DOL 4 to 5. These 

mice were then followed until 3 days after vaccination for flow cytometry of splenocytes or 

challenged with CS and followed for survival. rG-CSF was tested in a dose-titration flow 

cytometry experiment with an intraperitoneal injection volume of 40 μl and a range of doses 

from 10 μg of rG-CSF/g mouse to 0.001 μg/g before the mortality experiment.
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TaqMan real-time polymerase chain reaction

RNA samples were collected from mouse spleens 12, 24, and 36 hours after vaccination. 

Spleens were harvested as previously described and immediately placed into 1 ml of 

RNAlater (Invitrogen, AM7020), held at 4°C for 24 hours to allow tissue perfusion, and 

stored at −80°C. Before extraction, spleens were moved to RNAlater-ICE transition solution 

(Invitrogen, AM7030) and held at −20°C for 24 hours as per the manufacturer’s instructions. 

RNA was extracted following the manufacturer’s protocol (QIAGEN, 74034), followed by 

reverse transcription using the high-capacity complementary DNA (cDNA) reverse 

transcription kit (Thermo Fisher Scientific, catalog no. 4374966) as per the manufacturer’s 

recommendations, and amplified on a Biometra TGradient. Up to 100 ng of cDNA was used 

to run the real-time quantitative polymerase chain reaction (PCR) with the TaqMan Fast 

Advanced Master Mix Kit with ROS passive reference dye (Thermo Fisher Scientific, 

catalog no. 4444557). The cDNA amplification was performed on the ViiA 7 System 

thermocycler (Applied Biosystems), and data were collected from the device using the ViiA 

7 software. The following primer sequences were used to quantify the expression of the 

Cebp-β gene and the Cebp-α gene: Cebp-β gene, 5′-
AAGCTGAGCGACGAGTACAAGA-3′ (forward) and 5′-
GTCAGCTCCAGCACCTTGTG-3′ (reverse); Cebp-α gene, 5′- 
AAAGCCAAGAAGTCGGTGGAC-3′ (forward) and 5′-
CTTTATCTCGGCTCTTGCGC-3′ (reverse). Unlabeled primers were purchased from 

Integrated DNA Technologies. The mouse housekeeping gene primers and probe were 

predesigned and validated by Thermo Fisher Scientific (18S, Hs99999901_s1, catalog no. 

4448484). The reporter gene probe had 5′VIC and a minor groove binder (MGB) quencher. 

The probes used for Cebp-β and Cebp-α were designed with a 5′FAM and a 3′QSY 

quencher to be run in duplex with the housekeeping gene, but in separate wells from each 

other. The sequence of the probe for Cebp-β was 5′-CGAGCGCAACAACATCGCGG-3′, 
whereas the probe sequence for Cebp-α was 5′-CGAGTACCGGGTACGGCGGGAAC-3′. 
The probes were purchased from Life Technologies, high-performance liquid 

chromatography purified, and complexed in-house with the unlabeled primers at a final 

concentration of 5 μM for probe and 18 μM for primers. Each cDNA sample was run in 

triplicate.

Flow cytometry

Spleen samples were collected and counted as described above for adoptive transfer of 

splenocytes between mice. To stain the neutrophils, 1.5 to 2 million total whole-spleen cells 

were resuspended in 100 μl of sterile dPBS with 0.1 μl of viability dye (eBioscience, catalog 

no. 65-0866-14), incubated for 30 min at RT, and resuspended in 100-μl Smart Lyse (Smart 

Tube Inc., catalog no. 3T5070) and 350-μl Smart Store (Smart Tube Inc., catalog no. 

STBLSTORE2-1000) before being frozen at −80°C. On the day of the assay, fixed cells 

were thawed at 10°C, centrifuged for 5 min at 600g, and resuspended with a staining 

cocktail solution containing antibodies specific to major histocompatibility complex II 

(MHCII) (clone M5/114.15.2; eBioscience, 47-5321-82), CD11b (clone M1/70; 

eBioscience, 17-0112-82), F4/80 (clone BM8; eBioscience, 25-4801-82), NK1.1 (clone 

PK136; BD, 557391), CD3 (clone 17A2; eBioscience, 46-0032-80), CD11c (clone N418; 

BioLegend, 117339), Ly6C (clone AL-21; BD, 563011), and Ly6G (clone RB6-8C5; 
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eBioscience, 48-5931-82). Cells were stained at RT for 45 min and washed twice with 

PBSAN [dPBS with 10% sodium azide and 5% bovine serum albumin (BSA)].

Samples for progenitor assessment were processed fresh. First, the whole-spleen cells were 

homogenized and resuspended in dPBS mixed with viability dye and anti-CD16/32 (clone 

2.4G2; BD, 563006). The cells were incubated for 30 min at 4°C. Cells were then washed 

once with PBSAN, then resuspended in PBSAN with anti-CD34 (clone RAM34; 

eBioscience, 56-0341-82), and stained for 1 hour at 4°C. Without washing, a cocktail of 

antibodies against CD117 (clone 2B8; eBioscience, 17-1171-83), CD135 (clone A2F10; 

eBioscience, 12-1351-83), Ly6A/E (clone D7; eBioscience, 11-5981-85), and the lineage 

markers Ter-119 (clone Ter-119; eBioscience, 13-5921-75), CD11b (clone M1/70; 

eBioscience, 13-0112-75), CD3e (clone 145-2C11; eBioscience, 13-0031-75), Ly6G (clone 

RB6-8C5; eBioscience, 13-5931-75), and CD45R (clone RA3-6B2; eBioscience, 

13-0452-75) were added. Cells were stained for 30 min at RT. Last, the cells were washed 

with PBS, resuspended with streptavidin (BD, 563858), incubated for 20 min at RT, and then 

washed with PBSAN.

Flow cytometric acquisition used a custom-built BD LSRII. Mature neutrophils were 

identified as CD11bpos, Ly6Ghi, Ly6Cint, CD3neg, and MHCIIneg, NK1.1neg, and immature 

neutrophils as CD11bpos, Ly6Gint, Ly6Cint, CD3neg, MHCIIneg, and NK1.1neg, as described 

(45). GMP progenitor cells were identified as in (50) as live cells, Linneg, CD117pos, Ly6A/

Eneg, CD16/32pos, and CD34pos.

STEMCELL culturing of progenitor populations

Neonatal mouse spleens were collected and dissociated in sterile and endotoxin-free 

conditions through the same technique used in the adoptive transfer above. The cells were 

stored in Iscove’s modified Dulbecco’s medium with 2% fetal bovine serum (STEMCELL 

Technologies, 07700) on ice and delivered to STEMCELL Technologies (Vancouver, BC) 

for culture of cells at 1 × 105 cells per well in a semisolid medium, MethoCult (M3234), 

supplemented with recombinant mouse G-CSF (100 ng/ml) and recombinant mouse GM-

CSF (10 ng/ml), with colonies counted after 7 days of culture by researchers blinded to 

treatment.

Mouse whole-blood RNA extraction

Control and BCG-vaccinated mice were euthanized, and whole blood was immediately 

drawn via cardiac puncture using a 28-gauge needle into a syringe preloaded with 10 μl of 

sodium heparin at 1000 U/ml placed in 2.0-ml cryovials preloaded with 1.3 ml of RNAlater 

(Invitrogen, AM7020) and stored at −80°C until RNA extraction. Total RNA was extracted 

from up to 150 μl of RNAlater-preserved whole mouse blood using the Ambion RiboPure 

Human Blood Kit (Ambion, Thermo Fisher Scientific, AM1928) with the following 

modifications to the manufacturer’s extractions: For step 1 of the cell lysis and initial RNA 

purification protocol, once thawed at RT, whole-blood samples were transferred to 2-ml 

RNase-free tubes and centrifuged for 3 min at 14,000 rpm. For step 3, after the addition of 

500 μl of acid phenol-chloroform and incubation at RT, the samples were centrifuged at 

3200 rpm for 10 min. The remainder of the steps were followed as per the manufacturer’s 
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protocol and included the optional deoxyribonuclease I treatment. Quantification and quality 

assessment of total RNA used an Agilent 2100 Bioanalyzer.

Lung histology and scoring

Neonatal mice that were vaccinated on DOL 4 to 5 and CS challenged 3 days later were 

euthanized for lung histology 24 hours after challenge. After isoflurane-induced euthanasia, 

the mice were checked for automatic reflexes, and the chest cavity was exposed. The 

muscles around the neck were carefully moved away, and the sternum was separated, 

revealing the trachea and lungs. A catheter was inserted into the trachea, and the lungs were 

filled with 10% buffered formalin with a reservoir at 14 inches, 35.5 cm above the chest of 

the mouse prior to the trachea being securely tied and the lungs placed into 10% buffered 

formalin. After fixation for 24 to 48 hours at RT, formalin was replaced with 70% ethanol, 

after which the lungs were dehydrated, paraffin embedded, and longitudinally sectioned to 5 

μm along the main axial airway. Hematoxylin and eosin and Ly6G staining was performed 

on separate but serial sections, and scoring by trained pathologists was performed blinded to 

treatment group and to study hypotheses. Scoring of sections involved observation of 

alveolar damage, alveolar monocyte count, perivascular cuffing, reactive bronchial cells, 

peribronchial cuffing, lung expansion, neutrophil recruitment (with higher score meaning 

more neutrophils), and inflammation score.

Human sample collection and analysis

Human newborn samples were collected from two different studies covering three different 

populations: the BCGIMED study at the Bandim Health Project in Guinea-Bissau and the 

EPIC-Human Immune Project Consortium (EPIC-HIPC) in both PNG (Institute of Medical 

Research) and The Gambia Medical Research Council, with coordination of sample and data 

flow for EPIC-HIPC via the Precision Vaccines Program Clinical and Data Management 

Cores at Boston Children’s Hospital. All studies were approved by the University of British 

Columbia ethics board (protocol nos. H14-03369 and H16-02409). In addition, each site 

involved had obtained ethics approval from the Ethical Committees in their respective 

country of research. Informed consent was obtained from the parents/guardians at the time 

of the recruitment to the studies, and the studies were conducted in accordance with the 

Helsinki Declaration ethical standards.

The BCGIMED study

Samples collected from Guinea-Bissau were auxiliary to the BCGIMED study (clinical trial 

registration number NCT01989026), where newborns admitted to the neonatal nursery at the 

tertiary care center Hospital National Simao Mendes were randomized to receive BCG-

Danish Strain 1331 (Statens Serum Institute) and OPV either at birth or at hospital discharge 

as per regular practice for newborns admitted to nursery care. Capillary blood was collected 

via heel-prick from the newborns 24 hours after randomization, when half of newborns had 

received the vaccines and half were unvaccinated.
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BCGIMED peripheral blood processing

Capillary blood (400 μl) was collected into lithium-heparin microtainers (BD, catalog no. 

365965) via heel-prick blood draw. Aliquots (200 μl) were immediately placed into 1.3 ml of 

RNAlater (Invitrogen, AM7020) and stored at −80°C within 3 hours of blood draw until 

further analysis. Samples were subsequently ground transported to the Medical Research 

Council (Gambia) on dry ice by the study personnel and then to the UBC (Vancouver, 

British Columbia, Canada) under temperature-controlled and monitored conditions (World 

Courier).

BCGIMED whole-blood RNA extraction

Total RNA was extracted from each sample using the Human RiboPure RNA Purification 

Kit (Ambion, Thermo Fisher Scientific, AM1928) following the manufacturer’s protocol. 

Quantification and quality assessment of total RNA were performed using an Agilent 2100 

Bioanalyzer.

The EPIC study

This study is registered under clinical trials no. NCT03246230. In the Gambia and PNG 

(EPIC Consortium study sites), the nonvaccinated control group had samples obtained 

before DOL 7 administration of BCG-Russia, OPV, and Hepatitis B vaccine (all from Serum 

Institute of India) as per local standard of care [see (34)]. The treatment group of newborns 

received BCG, OPV, and hepatitis B vaccine at birth. Peripheral blood samples were 

obtained from all infants on the day of birth, and one additional sample was then collected at 

day 1, 3, or 7 after vaccination to reduce venipunctures to a maximum of two within the first 

week of life. This allowed contrasting of vaccinated versus unvaccinated newborns over the 

first week of life (34).

EPIC peripheral blood processing

Venous blood was collected directly into 4-ml preheparinized collection tubes (75 United 

States Pharmacopeia (USP); VWR, catalog no. 367871) by the “drip-blood” collection 

method until 2 ml was collected. Aliquots (~200 μl) were immediately placed in RNAlater 

(Invitrogen, AM7020) with the remaining blood kept in the collection tubes at RT until 

further processing within 4 hours. Whole blood was centrifuged on site at 500g for 10 min at 

RT, and plasma was removed. The amount of plasma removed from the whole blood after 

centrifugation was subsequently replaced with RPMI. For later assessment of cellular 

composition by flow cytometry, EDTA (0.2 mM final concentration; Invitrogen, catalog no. 

15575-038) was added to the whole blood/RPMI mixture to ensure adherent cells were not 

lost. Blood sample aliquots (225 μl) were stained for viability with 2 μl of fixable viability 

dye (eBioscience, catalog no. 65-0865-14) for 30 min at 4°C in the dark, RBCs were lysed 

and cells were fixed in 350 μl of Stable-Lyse V2 buffer (Smart Tube Inc., catalog no. 

STBLYSE2-250) for 15 min at RT, and then 1 ml of Stable-Store V2 (Smart Tube Inc., 

catalog no. STBLSTORE2-250) was added and incubated for 15 min at RT before storage at 

−80°C. Samples were subsequently shipped to UBC under temperature-controlled and 

monitored conditions (World Courier).
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Transcriptomic analysis of mouse and human-BCGIMED whole-blood RNA

mRNA from mouse and human (BCGIMED study, Guinea-Bissau) whole-blood RNA 

extracts were measured using the nCounter Immunology Profiling Panels (NanoString 

Technologies), applying 100 ng of total RNA from each sample. RNA profiling was 

performed according to the manufacturer’s instructions (high-sensitivity setting), and flow 

cartridges were read on the nCounter FLEX digital imaging system (maximum fields of 

view setting). Mouse and human data were processed separately. Reporter code count (RCC) 

files were normalized using sample-specific normalization factors calculated with probe set–

specific housekeeping gene counts. ComBat batch correction (51) was used to normalize 

across multiple cartridges. Batch-corrected data were log2 transformed. sPLS-DA (52) was 

used to identify discriminatory genes for vaccination status. Mouse and human models were 

constructed using two components with 60 genes (mouse) and 100 genes (BCGIMED) per 

component. Genes selected by sPLS-DA were compared to a series of cell-specific gene 

signatures derived from (53). Signatures were assessed for overrepresentation in the sPLS-

DA–selected genes using Fisher’s exact test.

EPIC-human flow cytometry

At the immunophenotyping laboratory, flow cytometry samples were thawed, washed in 

staining buffer (PBSAN: 0.5% BSA and 0.1% sodium azide), and stained on ice in PBSAN 

with a cocktail of anchor markers to determine the frequency and the absolute counts of 

neutrophils in peripheral blood as previously described (34). Raw values were normalized 

with a 1 + log2 transformation. To account for interindividual fluctuations of circulating cell 

counts, each sample was indexed to its corresponding subject’s prevaccination cell counts 

using a withinVariation matrix by the withinVar function in R package “mixOmics” (version 

6.1.2). Normalized neutrophil counts were compared between vaccinated and unvaccinated 

samples separately for each postvaccination DOL using the Wilcoxon rank-sum test.

RNA-seq profiling of human-EPIC whole-blood RNA

Total RNA was extracted from each sample, and strand-specific cDNA libraries were 

generated from poly-adenylated RNA, as previously described (34). All cDNA libraries were 

prepared at the same time and sequenced on the HiSeq 2500 (Illumina). Reads were aligned 

to the hg38 human genome (Ensembl GRCh38.86) using STAR v2.5 and mapped to 

Ensembl GRCh38 transcripts. Read counts were generated using htseq-count (HTSeq, 

0.6.1p1). Globin transcripts were removed in silico. Genes with very low counts (less than 

10 counts in eight or more samples or the smallest number of biological replicates within 

each treatment group) were discarded. Counts were normalized to library size using total 

count normalization and log2 transformed. Transcript-level count data were summarized to 

gene level by averaging. We further decomposed the within-subject from the between-

subject variance in the datasets using mixOmics’ withinVar function to account for repeated 

measures (day 0 or day 1, 3, or 7 after vaccination). We then searched the Broad Institute’s 

Molecular Signatures Database (MSigDB) immunologic gene set collection (C7) (54) for 

signatures of growth factor–induced changes in neutrophils, indicating possible EG 

signatures, and found six such gene sets: 

GSE15139_GMCSF_TREATED_VS_UNTREATED_NEUTROPHILS_DN, 
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GSE15139_GMCSF_TREATED_VS_UNTREATED_NEUTROPHILS_UP, 

GSE22103_LPS_VS_GMCSF_AND_IFNG_STIM_NEUTROPHIL_DN, 

GSE22103_LPS_VS_GMCSF_AND_IFNG_STIM_NEUTROPHIL_UP, GSE22103_UN-

STIM_VS_GMCSF_AND_IFNG_STIM_NEUTROPHIL_DN, and 

GSE22103_UNSTIM_VS_GMCSF_AND_IFNG_STIM_NEUTROPHIL_UP.

Gene sets corresponding to up- and down-regulated gene lists for equivalent perturbation 

experiments were combined. We next assessed the ability of each of the three resulting 

neutrophil-specific, EG-related signatures to separate vaccinated from unvaccinated samples 

in the EPIC RNA-seq data by carrying out PCA using these subsets of genes. This was done 

using EPIC data from all DOLs jointly. PCA variates were then separated by DOL and the 

distinctness of the clusters formed by vaccinated and unvaccinated samples was tested using 

PERMANOVA.

Statistical analysis

Survival after polymicrobial sepsis and endotoxemia was determined as previously described 

(29). Briefly, survival curves were compared between groups using a log-rank test. Data 

were tested for normality either by using the Shapiro-Wilk test, rejecting the null hypothesis 

when P < 0.1, or through visual inspection of qqplot and distribution. Cytokine 

concentrations, neutrophil flow cytometry, progenitor flow cytometry, PCR results, and 

STEMCELL-cultured progenitor cells were compared using the Student’s t test applied at 

each time point assessed [with Benjamini-Hochberg (BH) adjustment for multiple 

comparisons where applicable]. To further test hypotheses that BCG vaccination increased 

neutrophil numbers and decreased bacterial load after the primary observation, one-tailed 

tests were applied. Measurements that failed normality tests (bacterial load in blood, 

peritoneal wash, and organs) were analyzed with Wilcoxon rank-sum tests (BH adjusted 

when appropriate) or a Kruskal-Wallis rank-sum test before post hoc pairwise comparisons 

within treatments using the Wilcoxon rank-sum test. Differences were considered significant 

with P < 0.05, and exact P values or different thresholds of P values were presented in each 

figure legend. Boxplots were presented as median with 25 to 75% interquartile range (IQR), 

and cytokine data as mean ± SEM. PCA was used to visualize global plasma cytokine 

responses at various time points after vaccination using log2 transformed cytokine values. R 

(version 3.5.4) was used to perform the analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. BCG protected neonatal mice from infectious, but not sterile septic death.
(A) BCG-vaccinated mice demonstrated a significant increase in survival from neonatal 

polymicrobial sepsis (solid blue line) compared with controls (dashed black line) (n=67 per 

group, P < 0.0001). (B) BCG reduced tumor necrosis factor-α (TNF-α) production 24 hours 

after septic challenge, just before the maximal mortality period in this model (n = 10). (C) 

BCG vaccination reduced bacterial load across blood, organs, and peritoneal wash (P.Wash) 

(n = 26 to 27) 24 hours after sepsis. (D) Principal components analysis (PCA) of all 

cytokines prechallenge (circles, 3 days after vaccination), post–CS-induced sepsis (post-CS, 
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squares), and post-LPS challenge (post-LPS, triangles), colored by vaccination status (BCG, 

blue; control, black; n = 10 to 16 per group; individual cytokines in fig. S2 and summarized 

roles in table S1). (E) BCG did not protect mice from endotoxin shock (n = 42 to 45, P = 

0.42). (F) BCG did not reduce TNF-α production 12 hours after LPS challenge, just before 

the maximal mortality period in this model (n = 14 to 16, P = 0.96). Statistical analysis by 

log-rank test (A and D); unpaired two-sided t test, Benjamini-Hochberg (BH) adjusted (B 

and E); and Wilcoxon rank-sum test BH adjusted (C). *P < 0.05, **P < 0.01, ***P < 0.001, 

and ****P < 0.0001.
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Fig. 2. BCG-induced increase in neutrophil numbers was necessary and sufficient for protection.
(A) BCG increased total neutrophils in the spleen, with immature and mature neutrophils 

peaking on days 2 and 3, respectively, after vaccination (BCG, solid blue line; control, 

dashed black line). Mature neutrophils mobilized from the spleen within 24 hours of CS 

challenge (vertical dotted line) (n = 6 to 7, 10, 13 to 14, and 7 to 8 on days 1, 2, 3, and 4, 

respectively, with 95% CI presented in gray). (B) Adoptive transfer of splenocytes from 

BCG-vaccinated donors (“BCG WS”) versus control splenocytes (“Control WS”) reduced 

bacterial burden (n = 55 and 32), but not if mature neutrophils were depleted from BCG-

vaccinated spleens before adoptive transfer (“BCG WS – Neuts”; n = 9). (C) Mature 

neutrophils purified from BCG-vaccinated donors and transferred at expected BCG-

vaccinated numbers (“BCG Neut @ [BCG]”; n = 40) reduced bacterial burden, whereas 

transfer of fewer cells, specifically the expected cell numbers in a control mouse (“BCG 
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Neut @ [Ctrl]”; n = 9), impaired bacterial clearance. Control donor neutrophils artificially 

increased to match BCG numbers (“Ctrl Neut @ [BCG]”; n = 23) were similarly protective 

as BCG-purified neutrophils (colored by donor mouse vaccination status; control, black; 

BCG, blue). Statistical analysis by BH-adjusted, unpaired two-sided t test (A) and Kruskal-

Wallis rank-sum test unpaired Wilcoxon rank-sum test in (B) and (C) with *P < 0.05, **P < 

0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 3. BCG vaccination–induced EG.
(A) BCG (blue solid line) versus control (black dashed line) induced production of EG-

supporting cytokines within 8 to 12 hours after vaccination (n = 10 per group and time 

point). (B) Antibody-mediated blocking inhibited EG when targeting G-CSF, but not GM-

CSF (n = 8 to 14). N.S., not significant. (C) Recombinant G-CSF (rG-CSF) given at 0.1 μg 

rG-CSF/g mouse induced BCG-like protection against sepsis. (D) Cebp-β RNA expression 

increased in the spleens of BCG-vaccinated mice 12 hours after vaccination presented as 

relative gene expression compared with the 18S housekeeping gene (calculated by 2ΔΔCT, n 
= 17 per group). (E) GMP numbers increased in the spleens 2 days after vaccination, as 
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determined by in vitro culture (n = 11 per group). (F) Kinetics of BCG-induced splenocyte 

GMP increase after vaccination, identified by flow cytometry (n = 6 to 7 per group and time 

point; gating strategy in fig. S11). Statistical analysis by unpaired two-sided t test for (A), 

(B), and (D) to (F), with BH adjustment for (A) and (F), and log-rank test for (C). *P < 0.05, 

**P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 4. BCG vaccination induced EG in murine and human newborns.
Transcriptional changes after BCG vaccination were identified by NanoString nCounter 

using sparse partial least squares discriminant analysis (sPLS-DA) in neonatal mouse (A) 

and human (B) peripheral blood 24 hours after vaccination (n = 12 mice, 60 transcripts; n = 

20 humans, 100 transcripts; visualized using variate plots). (C) The top 10 pathways most 

affected by neonatal BCG at 24 hours after vaccination (determined through gene 

enrichment analysis) substantially overlapped between mouse (left) and human (right) 

(neutrophils marked in blue; other overlaps marked in black). DC, dendritic cell; NK, natural 

killer; FDR, false discovery rate. (D) Validation of BCG-induced EG signatures in two 

independent human newborn cohorts (The Gambia, West Africa; PNG, Australasia). The 

PCA depicts signatures for GM-CSF–induced changes in neutrophils, contrasting vaccinated 

(blue) versus control (black) separated by day after vaccination, with distinctness of the 

clusters tested using PERMANOVA. These gene signatures of GM-CSF–induced changes in 

neutrophils explained 89% of the variance observed between control and BCG-vaccinated 

newborns (calculated with 10 PCs). Similar patterns emerged for other EG-related gene sets 

shown in fig. S12. DPV, days postvaccination. (E) BCG increased human neutrophil 

numbers present on day 3 after vaccination in neonates from The Gambia and PNG (EPIC 
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cohort, n = 6 to 8 per group per time point, *P = 0.02, Wilcoxon rank-sum test, BH 

adjusted). Data are presented as medians with 25 to 75% IQR.
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