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Introducing BCG in Norrbotten, Sweden, 1927-31

Coverage 
highest
in families 
with TB

Reduction was 
in infancy, but 
TB deaths 
occur later 

This made 
little sense 

”One could evidently be tempted to find an explanation for this much lower mortality 
among vaccinated children in the idea that BCG provokes a non-specific immunity...” 

Carl Naeslund 1932
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ABSTRACT

OBJECTIVE
To test the e!ect on all cause neonatal mortality (aged 
≤28 days) of a dose of BCG Danish vaccine and oral 
polio vaccine (OPV) administered to newborn babies 
weighing <2000 g.
DESIGN
Multicentre, open label, randomised controlled trial
SETTING
Three tertiary neonatal intensive care units (NICUs) in 
southeast India.
POPULATION
Newborn babies weighing <2000 g. 7067 were 
assessed for eligibility and 5420 were randomised 
(2714 BCG-OPV, 2706 control).
INTERVENTIONS
Newborns were randomised 1:1 to receive 0.1 mL 
of BCG Danish intradermally plus OPV, either within 
48 hours of admission to the NICU (early vaccination 
group) or delayed until at least the time of discharge 

(control group). Strati+cation was by NICU, sex, and 
birth weight (<1000 g, 1000-1499 g, 1500-1999 g).
MAIN OUTCOME MEASURES
The primary outcome was all cause neonatal mortality. 
The main secondary outcome, included a third of the 
way through the trial, was neonatal mortality due to 
infection.
RESULTS
Of the 5420 newborn babies randomised at a 
median age of 0.9 days and with a median birth 
weight of 1560 g, nine were lost to follow-up. Deaths 
occurred in 238 (8.8%) of 2714 newborn babies 
in the early vaccination group and 273 (10.1%) of 
2706 in the control group. In intention-to-treat Cox 
survival analysis strati+ed by NICU and adjusted for 
postnatal age, birth weight, sex, and gestational age, 
neonatal mortality per person year was 1.29 in the 
early vaccination group and 1.50 in the control group 
(adjusted hazard ratio 0.83, 95% con+dence interval 
(CI) 0.69 to 0.98; P=0.03). The number needed to 
treat to prevent one death was 21 (95% CI 10 to 245). 
Infection related neonatal mortality per person year 
was 0.40 in the early vaccination group and 0.73 in 
the control group (adjusted hazard ratio 0.53, 95% CI 
0.40 to 0.70). No deaths from tuberculosis occurred, 
and no serious adverse e!ects were associated with 
vaccination.
CONCLUSIONS
In newborn babies weighing <2000 g in intensive 
care, BCG-OPV administered at a median age of 0.9 
days reduced all cause neonatal mortality owing to 
a decrease in deaths due to infections other than 
tuberculosis (a non-speci+c or o!-target e!ect). A 
substantial reduction in neonatal mortality could 
be achieved if a skilled administrator vaccinated a 
high proportion of newborn babies in high mortality 
settings on the day of, or soon a.er, birth.
TRIAL REGISTRATION
Clinical Trials Registry India CTRI/2017/01/007676.

Introduction
Of the 5.19 million deaths in children younger than 
5 years worldwide in 2019, 97.9% occurred in low-
middle income countries that are not members of 
the Organisation for Economic Co-operation and 
Development (OECD).1 If the mortality rate in under 5s 
globally had been the same as that in OECD countries 
in 2019, the number of deaths would have been 0.97 
million rather than 5.19 million.1 Despite a substantial 
decrease in mortality in under 5s worldwide, neonatal 

WHAT IS ALREADY KNOWN ON THIS TOPIC
Observational studies and randomised trials have suggested that the Danish 
strain of BCG given soon a.er birth might reduce neonatal mortality from 
infections other than tuberculosis
Three trials of BCG Danish in newborn babies in Guinea-Bissau found no 
statistically signi+cant e!ect on their primary outcome, which were mortality 
in the +rst year of life in two trials and mortality in the +rst month of life in one 
trial; however, they showed a reduction in mortality in the +rst month of life in a 
meta-analysis
Two other trials of the Danish or Japanese strains of BCG in Guinea-Bissau were 
stopped early because of slow recruitment, and two large trials of BCG Russian in 
India found no e!ect on neonatal mortality

WHAT THIS STUDY ADDS
In this randomised controlled trial, BCG Danish and oral polio vaccine given 
within 48 hours of birth reduced neonatal mortality in very ill newborns weighing 
<2000 g, with the number needed to treat to prevent one death being 21 (95% 
con+dence interval 10 to 245)
For regions with a high prevalence of tuberculosis, the World Health Organization 
(WHO) should consider recommending BCG vaccination to all newborn babies 
as soon as possible a.er birth, and not only to those who are healthy, clinically 
stable, and >31 weeks’ gestation
To reduce neonatal mortality in low-middle income countries, a vial of BCG 
should be opened even if only one infant needs to be vaccinated, and the WHO 
indicator for timely administration of BCG should be changed from 12 months to 
28 days of age

xx xxxxxxxx
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Proportional hazards were confirmed for early BCG-
OPV, sex, birth weight, and transformed gestational 
age.

As recommended by the Data and Safety Monitoring 
Board, the control group was not censored for BCG-
OPV administered before 28 days of age in the main 
analysis (table 2). The adjusted hazard ratio for death 
before 28 days of age for early vaccination compared 
with control in the primary Cox model was 0.83 (95% 
CI 0.69 to 0.98; P=0.03). Figure 2 shows the probability 

of death in both study groups. The number needed to 
treat to prevent one death was 21 (95% CI 10 to 245).

Of the 2706 newborns in the control group, 1588 
(59%) were vaccinated with BCG Danish and OPV 
before 28 days of age, at a median of 4.5 hours before 
discharge in the 1423 babies discharged before 28 
days of age.

Table 3 shows the times from birth and enrolment 
to BCG-OPV vaccination, death, and discharge. Six 
newborns in the early vaccination group and three in 

Table 1 | Baseline characteristics of newborn babies weighing <2000 g assigned to receive BCG Danish and OPV within 
48 hours of admission (intervention) or delayed at least to discharge (control). Values are number (percentage) unless 
stated otherwise
Characteristics Early BCG-OPV (n=2714) Control (n=2706)
Sex:
 Male 1389 (51) 1382 (51)
 Female 1325 (49) 1324 (49)
Median (IQR) age at enrolment (days) 0.86 (0.54-1.46) 0.86 (0.56-1.38)
Median (IQR) birth weight (g) 1560 (1320-1745) 1560 (1320-1745)
Birth weight (g):
 <1000 133 (5) 129 (5)
 1000-1499 996 (37) 994 (37)
 1500-1999 1585 (58) 1583 (58)
Median (IQR) gestation (weeks) 33.4 (31.7-35.4) 33.6 (31.7-35.4)
Premature (<37 week) 2374 (87) 2349 (87)
Mean (SD) Apgar score:
 1 minute 6.71 (1.52) 6.76 (1.48)
 5 minutes 8.04 (1.13) 8.06 (1.11)
Born in study hospital 2460 (91) 2454 (91)
Maternal BCG scar 1601 (59) 1658 (61)
Vaginal delivery 1523 (56) 1476 (55)
Twin or triplet 210 (7.7) 197 (7.3)
Born in wet season 1431 (53) 1425 (53)
Study hospital:    
 JIMPER 1440 (53) 1432 (53)
 ICH 252 (9.3) 249 (9.2)
 IOG 1022 (38) 1025 (38)
ICH=Institute of Child Health and Hospital for Children, Chennai; IOG=Institute of Obstetrics and Gynaecology, Chennai; IQR=interquartile range; 
JIMPER=Jawaharlal Institute of Postgraduate Medical Education and Research, Pondicherry; NICU=neonatal intensive care unit; OPV=oral polio vaccine; 
SD=standard deviation.

Table 2 | Outcome data in newborn babies weighing <2000 g assigned to receive BCG Danish and OPV within 48 hours of admission (intervention) or 
delayed at least to discharge (control)

Mortality rate (deaths/total person years); No
Adjusted hazard ratio (95% CI) P value*Early BCG-OPV Control

Deaths ≤28 days (primary outcome) 1.29 (238/184); 2714 1.50 (273/182); 2706 0.83 (0.69 to 0.98) 0.03
Deaths from infection 0.40 (73/184); 2707 0.73 (133/182); 2702 0.53 (0.40 to 0.70) <0.001†
Deaths from non-infectious cause 0.89 (164/184); 2707 0.77 (139/182); 2702 1.10 (0.88 to 1.39) 0.41†
Deaths in hospital 2.33 (237/102); 2714 2.69 (269/100); 2706 0.83 (0.70 to 0.99) 0.04†
Deaths ≤28 days; controls censored when BCG-OPV given ≤28 
days (original primary outcome)

1.29 (238/184); 2714 2.25 (273/121); 2706 0.78 (0.65 to 0.93) 0.006‡

Per protocol analysis 1.28 (236/184); 2702 2.26 (275/122); 2709 0.77 (0.65 to 0.92) 0.004§
Time of death a-er enrolment (days):      
 0-2 2.53 (56/22.1); 2714 3.41 (75/22.0); 2706 0.72 (0.51 to 1.03) 0.07¶
 3-6 3.48 (99/28.4); 2658 4.13 (116/28.1); 2631 0.84 (0.64 to 1.10) 0.21¶
 7-27 0.62 (83/134); 2553 0.62 (82/132); 2512 0.91 (0.67 to 1.24) 0.55¶
CI=con.dence interval; OPV=oral polio vaccine.
*Cox regression strati.ed by neonatal intensive care unit and adjusted for age, birth weight, gestational age, and sex. Six babies in the early BCG-OPV group and three in the control group were 
lost to follow-up before 28 days of age and censored from the time of last contact.
†Secondary outcome not adjusted for multiplicity.
‡Biased estimate because low risk time from discharge to 28 days was removed from vaccinated controls.
§Biased estimate because low risk time from discharge to 28 days was removed from vaccinated controls, and two babies who died were randomised to BCG-OPV but were not vaccinated 
because they were considered too ill were moved from the BCG-OPV group to the control group in the per protocol analysis.
¶Prespeci.ed descriptive outcome not adjusted for multiplicity.
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BCG vaccination in vivo & yellow fever vaccine
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Arts et al, Cell Host Microbe, 2018



Innate versus specific immunity

Innate immunity: 
- rapid
- effective 
- not-specific,    

indiscriminate
- lacks immunological 

memory

Adaptive immunity: 
- needs 10-14 days
- specific activation against a 

particular microorganism, 
enhancing the effect of the 
response

- builds immunological memory



BCG enhances monocyte-derived cytokines

M. tuberculosis

before BCG 2 weeks 3 months
0.0

0.5

1.0

1.5

2.0

2.5

3.0

*
*

C. albicans

before BCG 2 weeks 3 months
0.0

0.5

1.0

1.5

2.0

2.5

*
*

S. aureus

before BCG 2 weeks 3 months
0.0

0.5

1.0

1.5

2.0

2.5

*

*

S. aureus

before BCG 2 weeks 3 months
0

1

2

3

*

C. albicans

before BCG 2 weeks 3 months
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

*

M. tuberculosis

before BCG 2 weeks 3 months
0.0

0.5

1.0

1.5

2.0

2.5

*

Kleinnijenhuis et al, PNAS, 2012



Long-term epigenetic reprogramming in myeloid cells
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Trained immunity: mechanisms

Netea et al, Nat Rev Immunol 2020
Ziogas et al, Cell 2025

MicroRNAs might also have a role in the induc-
tion and regulation of these mechanisms. miR-155 was 
shown to be critical for adaptive NK cell responses to 
MCMV infection through the regulation of targets, 
including NOXA and SOCS1 (REFS119,120). The upregu-
lation of miR-155 during inflammatory processes has 
also been correlated with the hyperactivation of cells 
from the myeloid compartment. This is likely owing to 
a decreased activity of phosphatases that act as negative 
regulators of a series of intracellular pathways121, includ-
ing the phosphatase SHIP1, which was recently demon-
strated to act as a negative regulator in the induction of 
trained immunity122.

New studies also suggest that changes in DNA meth-
ylation patterns discriminate between ‘responders’ 

(people who are able to undergo trained immunity) and 
‘non- responders’ to stimuli that induce trained immunity, 
such as BCG. In this regard, individuals who exhibit an 
enhanced containment of M. tuberculosis replication after 
BCG vaccination displayed a wide loss of DNA methyl-
ation among promoters of genes belonging to immune 
pathways compared with individuals characterized as 
non- responders123. A follow- up study identified 43 genes 
with differential methylation patterns in BCG- naive 
responders compared with non- responders that could 
potentially be used as predictors of responsiveness to 
stimuli that induce trained immunity124.

As mentioned earlier, non- haematopoietic cells, such 
as epidermal stem cells, also show features of trained 
immunity. The epigenetic memory of epidermal stem 
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Fig. 3 | Interplay between epigenetics and metabolism. The correct 
initiation of the mechanisms necessary for the induction of trained 
immunity relies on the active interplay between epigenetic and metabolic 
reprogramming of the innate immune cells on stimulation. During primary 
challenge, the recognition of specific ligands by pattern recognition 
receptors triggers a series of intracellular cascades that lead to the 
upregulation of different metabolic pathways, such as glycolysis, 
tricarboxylic acid (TCA) cycle and fatty acid metabolism. Certain 
metabolites derived from these processes, such as fumarate and acetyl 
coenzyme A (acetyl- CoA), can activate or inhibit a series of enzymes 
involved in remodelling the epigenetic landscape of cells, such as the 
histone demethylase lysine- specific demethylase 5 (KDM5) or histone 
acetyltransferases, leading to specific changes in histone methylation and 

acetylation of genes involved in the innate immune responses. 
β- Glucan- mediated activation of dectin 1 signalling also triggers calcium 
influx, which leads to the dephosphorylation of nuclear factor of activated 
6|EGNNU�
0(#6���CNNQYKPI�KVU�VTCPUNQECVKQP�KPVQ�VJG�PWENGWU��YJGTG�KV�OC[�DKPF�
to DNA and activate gene transcription. This facilitates the accessibility of 
the DNA to the transcriptional machinery and gene regulatory elements 
and specific long non- coding RNAs, promoting and facilitating an enhanced 
gene transcription on secondary stimulation of the cells. IGF1R , insulin- like 
growth factor 1 receptor ; MLL1, mixed- lineage leukaemia protein 1 (also 
known as histone- lysine N- methyltransferase 2A); mTOR , mechanistic 
target of rapamycin; Pol, polymerase; UMLILO, upstream master long 
non- coding RNA of the inflammatory chemokine locus; WDR5, WD 
repeat- containing protein 5.
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BCG vaccination impact on human bone marrow at 
single cell level

Sun et al, Immunity 2024Figure 1. Bone marrow sample processing 
A- Overview schematic of experimental timeline and samples collected in a clinical trail setting for BCG vaccination, 
20 total donors on BCG (n=15) or placebo (n=5). Bone marrow aspirates and PBMCs were collected from all 
patients at d0 prior to vaccination and t3M (90 days after BCG or placebo). Cryopreserved bone marrow samples 
were stained with a cocktail of lineage and HSPC-specific antibodies to enable flow cytometric analysis of cellular 
composition as well as simultaneous sorting of all CD34+ cells. Sorted CD34+ cells were immediately processed 
for scRNA-seq and scATAC-seq according to the respective 10X genomics protocols.
B- Revised model of hematopoiesis in which the developmental process is a continuum, as recent findings indicate 
that only a small fraction of HSC generate an equal outcome for all blood mature cell lines, while most HSC exhibit 
a differentiation bias toward one lineage.
C- PHATE of the scRNA-seq data collected from bone marrow CD34+ HSPCs of BCG and placebo vaccinated 
individuals at D0 and D90. Cells were grouped into 13 non-overlapping clusters based on gene expression: HSC c1 
(n=9637), HSC c2 (n=10953), CMP c1 (n=9174), CMP c2 (n=14918), CMP c3 (n=1715), GMP c1 (n=6631), GMP 
c2 (n=6423), MEP c1 (n=8871), MEP c2 (n=5439), MEP c3 (n=3811), MLP c1 (n=5153), MLP c2 (n=3837), PreBNK 
(n=3371). Marker gene colored PHATE plots by expression levels of lineage defining genes (from left to right) 
GATA1, GATA2, SPIB, DNTT, MPO.



BCG vaccination has impact on human bone marrow

Sun et al, Immunity 2024

Figure 2. BCG vaccination has heterogenous impacts on gene expression after 90 days
A- PHATE of the scRNA-seq data collected from bone marrow CD34+ HSPCs of BCG and placebo vaccinated 
individuals at D0 and D90. 
B- Bar graphs summarizing the total number of significant genes (lfsr<0.01) in each cell type. Red and blue 
shading indicate the number of genes whose expression was impacted positively and negatively, respectively, by 
BCG vaccination compared to placebo. 
C- Summary plot of gene set enrichment analysis (GSEA) performed separately for each cell type. Genes were 
ordered by the rank statistic –log10(pval)*logFC and compared against Hallmark gene sets. Circle size is scaled 
to –log10(padj). All shown circles are pathways with p<=0.05. All circles with border have padj<=0.1
D- Second-round clustering was performed on HSC c1 and HSC c2
E- HSC subgroups after second round clustering of HSC c1 and HSC c2 cells. 
F. HSC subclusters colored by CD90/CD49f/CD45RA (average z-score across the three genes). Darker shading 
indicates a higher score. 
G-I. UMAPs of select Hallmark pathways. Shading of each subcluster is scaled to –log10(padj) enrichment of the 
pathway within the cluster

N DGR lfsr < 0.01

Figure 3. BCG vaccination increases granulocyte bias of HSPCs

A. Schematic of the experimental question

B. Example CellRank analysis. Terminal fates of individual HSCs from BCG and placebo vaccinated individuals 
were predicted with CellRank for each donor. PHATE maps show HSCs from placebo individuals (top) or 
BCG-vaccinated individuals (bottom) colored by predicted terminal fate (green: CMPs/GMPs, blue: 
CLPs/MLPs/PreBNK, purple: MEPs)

C. Absolute percentages of CMP_b biased HSCs for each donor at D90 (p=0.018). 

D. Percent CMPs in the bone marrow of 90 days post BCG (pink) compared to placebo (blue), Mann Whitney p 
= 0.026

E. D90 vs. D0 Log2FC expression of MAPK14 (lfsr = 0.03), KLF6 (lfsr = 0.001), and CEBPB (lfsr =  0.1). 

F. Bar graphs showing the percentage of each cell type among live CD34+ HSPCs at D90 as determined by 
flow cytometry analysis. CLP p = 0.026, MLP p = 0.075, MPP p = 0.095
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Trained immunity regulates myelopoieis

Netea et al. Nat Rev Immunol. 2020.

Antitumor 
macrophages

Induction of
trained immunity
in bone marrow 

GMP= Granulocyte Monocyte Progenitor
CMP= Common Myeloid Progenitor
MPP= Multipotent Progenitor 
HSC= Hematopoietic Stem Cells

Trained monocytes 
in the blood

• Systemically, trained immunity is regulated 

by bone marrow progenitor cells

• Its induction leads to ‘trained’ myelopoiesis 



ACTIVATE study: BCG in elderly

Giamarellos et al, Cell 2020



BCG-Prime study in the Netherlands (n=3000+3000)

Koekenbier et al, CMI 2023



BCG-Elderly study in the Netherlands

Moorlag et al, CID 2022
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HR=0.86

HR=0.46

BCG-Prime study in the Netherlands (n=3000+3000)



BCG effect on all-cause mortality in COVID19 RCTs

Country; 
reference

Vaccine used; population; test 
for COVID-19

Age groups Mortality (deaths/N) Mortality risk ratio 
(BCG/placebo) (95% CI)

BCG Placebo

Greece (1) BCG vs placebo at hospital 
discharge; 12 months follow-
up, interim analysis 

Mean age 80 
years

5/72 8/78 0.68 (0.23-1.97)

Greece (2) BCG vs placebo; 6 months 
follow-up

301 elderly, 50+ 
years with co-
morbidity

0/148 3/152 0 (undefined)

The Netherlands 
(BCG PRIME)(3)#

BCG vs placebo; 12 months 
follow-up

65+ years 13/3058 18/3054 0.72 (0.35-1.479

The Netherlands

(CORONA-
Elderly)(4)#

BCG vs placebo; 6 months 
follow-up

65+ years 2/1008 3/1006 0.67 (0.11-3.97)

South Africa

(submitted) (5)

BCG vs Placebo; 6 months 
follow-up

HCWs 0/500 4/500 0 (undefined)

Combined 
analysis

20/4786 36/4790 0.57 (0.33-0.97)

P=0.04
Notes: # unpublished but presented at BCG conference, Pasteur Institute, Lille, November, 2021

Aaby et al, Lancet ID 2022
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Abstract

Background

Several live attenuated vaccines were shown to provide temporary protection against a vari-

ety of infectious diseases through stimulation of the host innate immune system.

Objective

To test the hypothesis that countries using oral polio vaccine (OPV) have a lower cumulative

number of cases diagnosed with COVID-19 per 100,000 population (CP100K) compared

with those using only inactivated polio vaccine (IPV).

Methods

In an ecological study, the CP100K was compared between countries using OPV vs IPV.

We used a random-effect meta-analysis technique to estimate the pooled mean for

CP100K. We also used negative binomial regression with CP100K as the dependent vari-

able and the human development index (HDI) and the type of vaccine used as independent

variables.

Results

The pooled estimated mean CP100K was 4970 (95% CI 4030 to 5900) cases per 100,000

population for countries using IPV, significantly (p�0.001) higher than that for countries

using OPV—1580 (1190 to 1960). Countries with higher HDI prefer to use IPV; those with

lower HDI commonly use OPV. Both HDI and the type of vaccine were independent predic-

tors of CP100K. Use of OPV compared to IPV could independently decrease the CP100K

by an average of 30% at the mean HDI of 0.72.
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Fig 2. Distribution of data points as well as the box and whisker plot indicating the cumulative number of cases
diagnosed with COVID-19 per 100,000 population stratified by the type of polio vaccine used in each country.
The horizontal line in the middle of each box indicates the median. The notch represents the 95% confidence interval
of the median. The bottom and top borders of the box show the 25th and 75th percentiles, respectively. The lower
whisker indicates the smallest data point within 1.5 times the interquartile range (IQR) less than the 25th percentile; the
upper whisker indicates the largest point within 1.5 × IQR greater than the 75th percentile. Points greater than the
upper whisker and smaller than the lower whisker were considered outliers. All outliers were included in data analyses.

https://doi.org/10.1371/journal.pone.0265562.g002
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population density and the mean stringency index were not significantly different between
countries using OPV and those using IPV. The median age, life expectancy at birth, and the
GDP per capita, all had a significant (p<0.001) high correlation (ρ>0.92) with HDI, the com-
posite index that accounts for these and some other parameters (Fig 3). To avoid multicolli-
nearity, we have only used HDI and the type of vaccine as independent variables in the
regression model. CP100K, the dependent varaible in our model, had a mean of 2496 cases per
100,000; the variance exceeded 9×106. For overdispersion, we used a negative binomial
regression.

The model could explain more than 70% (Nagelkerke’s R2 = 0.734) of the variance observed
in CP100K (Table 2). It showed an interaction between HDI and the type of vaccine used. Use
of OPV compared to IPV could independently decrease the CP100K by an average of 30% at
the mean HDI of 0.72 (Table 2); the protection provided was higher for countries with lower
HDI. For example, the value corresponding to an HDI of 0.55, the 25th percentile HDI in
countries using OPV (Table 1), was 75%. HDI was also an independent predictor of CP100K;
each 0.1 unit increase in HDI increased CP100K by an average of 2.47-fold; it was 1.62-fold for
countries using IPV and 2.90-fold for countries using OPV (Table 2).

Discussion

Use of OPV by a country was an independent predictor for a lower CP100K diagnosed and
reported in that country. The pooled mean CP100K was significantly lower in countries using
OPV compared with those using IPV. However, this was the result of a univariate analysis and
could be affected by other variables. For example, the observed difference might be attributed
to the limited availability of diagnostic tests (e.g., RT-PCR) in the low- and middle-income

Fig 1. The distribution of COVID-19 incidence rate in each country. The fill color reflects the cumulative number of cases diagnosed with the disease per 100,000
population. The countries’ border color shows the type of polio vaccine used in each country. Complete data were not available for gray areas. Made with Natural Earth
(https://www.naturalearthdata.com/).

https://doi.org/10.1371/journal.pone.0265562.g001

PLOS ONE Use of oral polio vaccine in countries correlates with lower incidence of COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0265562 March 17, 2022 4 / 12

population density and the mean stringency index were not significantly different between
countries using OPV and those using IPV. The median age, life expectancy at birth, and the
GDP per capita, all had a significant (p<0.001) high correlation (ρ>0.92) with HDI, the com-
posite index that accounts for these and some other parameters (Fig 3). To avoid multicolli-
nearity, we have only used HDI and the type of vaccine as independent variables in the
regression model. CP100K, the dependent varaible in our model, had a mean of 2496 cases per
100,000; the variance exceeded 9×106. For overdispersion, we used a negative binomial
regression.

The model could explain more than 70% (Nagelkerke’s R2 = 0.734) of the variance observed
in CP100K (Table 2). It showed an interaction between HDI and the type of vaccine used. Use
of OPV compared to IPV could independently decrease the CP100K by an average of 30% at
the mean HDI of 0.72 (Table 2); the protection provided was higher for countries with lower
HDI. For example, the value corresponding to an HDI of 0.55, the 25th percentile HDI in
countries using OPV (Table 1), was 75%. HDI was also an independent predictor of CP100K;
each 0.1 unit increase in HDI increased CP100K by an average of 2.47-fold; it was 1.62-fold for
countries using IPV and 2.90-fold for countries using OPV (Table 2).

Discussion

Use of OPV by a country was an independent predictor for a lower CP100K diagnosed and
reported in that country. The pooled mean CP100K was significantly lower in countries using
OPV compared with those using IPV. However, this was the result of a univariate analysis and
could be affected by other variables. For example, the observed difference might be attributed
to the limited availability of diagnostic tests (e.g., RT-PCR) in the low- and middle-income

Fig 1. The distribution of COVID-19 incidence rate in each country. The fill color reflects the cumulative number of cases diagnosed with the disease per 100,000
population. The countries’ border color shows the type of polio vaccine used in each country. Complete data were not available for gray areas. Made with Natural Earth
(https://www.naturalearthdata.com/).

https://doi.org/10.1371/journal.pone.0265562.g001

PLOS ONE Use of oral polio vaccine in countries correlates with lower incidence of COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0265562 March 17, 2022 4 / 12



Original Investigation | Infectious Diseases

COVID-19 Infection Among Women in Iran Exposed vs Unexposed to Children
Who Received Attenuated Poliovirus Used in Oral Polio Vaccine
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Abstract

IMPORTANCE Live attenuated vaccines may provide short-term protection against infectious
diseases through stimulation of the innate immune system.

OBJECTIVE To evaluate whether passive exposure to live attenuated poliovirus is associated with
diminished symptomatic infection with SARS-CoV-2.

DESIGN, SETTING, AND PARTICIPANTS In a longitudinal cohort study involving 87 923 people
conducted between March 20 and December 20, 2020, the incidence of COVID-19 was compared
between 2 groups of aged-matched women with and without exposure to live attenuated poliovirus
in the oral polio vaccine (OPV). Participants were people receiving health care services from the
Petroleum Industry Health Organization and residing in 2 cities in Iran (ie, Ahwaz and Shiraz).
Participants were women aged 18 to 48 years whose children were aged 18 months or younger and a
group of age-matched women from the same residence who had had no potential exposure to OPV.

EXPOSURES Indirect exposure to live attenuated poliovirus in OPV.

MAIN OUTCOMES AND MEASURES Symptomatic COVID-19, diagnosed by reverse transcription–
polymerase chain reaction.

RESULTS After applying the inclusion and exclusion criteria, 419 mothers (mean [SD] age, 35.5 [4.9]
years) indirectly exposed to the OPV and 3771 age-matched women (mean [SD] age, 35.7 [5.3] years)
who had no exposure to OPV were available for analysis. COVID-19 was diagnosed in 1319 of the
87 923 individuals in the study population (151 per 10 000 population) during the study period. None
of the mothers whose children received OPV developed COVID-19 after a median follow-up of 141
days (IQR, 92-188 days; range, 1-270 days); 28 women (0.74%; 95% CI, 0.47%-1.02%) in the
unexposed group were diagnosed with COVID-19 during the 9 months of the study. Point-by-point
comparison of the survival curves of the exposed and unexposed groups found that indirect
exposure to OPV was significantly associated with decreased COVID-19 acquisition; probability of
remaining without infection was 1.000 (95% CI, 1.000-1.000) in the exposed group vs 0.993 (95%
CI, 0.990-0.995) in the unexposed group after 9 months (P < .001).

CONCLUSIONS AND RELEVANCE In this cohort study, indirect exposure to live attenuated
poliovirus was associated with decreased symptomatic infection with COVID-19. Further study of the
potential protective effect of OPV should be conducted, especially in nations where OPV is already
in use for polio prevention and specific COVID-19 vaccines are delayed, less affordable, or fail to
meet demand.

JAMA Network Open. 2021;4(11):e2135044.
Corrected on December 10, 2021. doi:10.1001/jamanetworkopen.2021.35044

Key Points
Question Is indirect exposure to live
attenuated poliovirus in the oral polio
vaccine (OPV) associated with
diminished symptomatic infection with
SARS-CoV-2?

Findings In this cohort study of 4190
women in Iran, none of those indirectly
exposed to OPV developed COVID-19
during the 9 months of the study, while
0.74% of age-matched women who had
no exposure to OPV did develop
COVID-19.

Meaning These findings suggest that
indirect exposure to live attenuated
poliovirus may be associated with
decreased symptomatic COVID-19
infection for at least 6 months.
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CI, 0.93 to 1.09), and residence place (living in Shiraz: HR, 1.36; 95% CI, 0.64 to 2.90); none of them
were associated with the survival probability (eAppendix in the Supplement).

Absence of COVID-19 infections in the exposed group made it impossible to accurately calculate
the HR for the exposure to OPV; it was estimated at 1 × 10−7 (95% CI, 0 to !). Point-by-point
comparison of the survival probabilities revealed a significant (P < .001) difference between the 2
groups after 9 months; with a probability of 1.000 (95% CI, 1.000-1.000) in the exposed group vs
0.993 (95% CI, 0.990-0.995) in the unexposed group (Figure 2).

Table. Measures of Central Tendency and Dispersion of Confounding Variables in the Groups Exposed and Unexposed to the Oral Polio Vaccine, Stratified
by Residence Place

Variable

Exposed (n = 419) Unexposed (n = 3771)

P valueaAhwaz (n = 244) Shiraz (n = 175) Ahwaz (n = 2196) Shiraz (n = 1575)
Participant’s age, y

Mean (SD) 36.0 (5.0) 34.8 (4.8) 35.6 (5.6) 36.0 (4.7)

.31Median (IQR) 36.0 (33.0-39.0) 35.0 (31.0-38.0) 35.0 (32.0-39.0) 36.0 (33.0-39.0)

Range 24.0-48.0 21.0-46.0 19.0-48.0 21.0-48.0

Mean age of household members, y

Mean (SD) 27.3 (5.8) 26.8 (6.2) 27.3 (5.7) 28.0 (5.3)

.09Median (IQR) 26.0 (23.5-30.0) 26.0 (22.1-31.0) 26.5 (23.2-30.7) 27.3 (24.3-31.3)

Range 16.2-47.5 12.0-46.0 13.3-55.3 13.0-57.2

No. of household members

Mean (SD) 3.8 (1.4) 3.2 (1.0) 3.6 (1.2) 3.2 (0.9)

.20Median (IQR) 3.0 (3.0-4.0) 3.0 (3.0-4.0) 3.0 (3.0-4.0) 3.0 (3.0-4.0)

Range 2.0-11.0 1.0-6.0 1.0-13.0 1.0-9.0

No. of children

Mean (SD) 1.6 (1.2) 1.2 (0.9) 1.5 (1.1) 1.2 (0.8)

.31Median (IQR) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 1.0 (1.0-2.0)

Range 0.0-7.0 0.0-4.0 0.0-10.0 0.0-3.0
a Welch t test for independent samples comparing means of the exposed and unexposed groups.

Figure 2. Kaplan-Meier Survival Curves of Mothers With and Without Exposure to Oral Polio Vaccine (OPV)
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Functional and epigenetic changes in monocytes from 
adults immunized with an AS01- adjuvanted vaccine
Viviane Bechtold1*†, Kinga K. Smolen1,2†‡, Wivine Burny1, Simone P. de Angelis1,  
Simon Delandre1, Ahmed Essaghir1, Arnaud Marchant2, Cheikh Ndour3, Martin Taton2,  
Robbert van der Most1§, Fabienne Willems2¶, Arnaud M. Didierlaurent1*¶#

The adjuvant AS01 plays a key role in the immunogenicity of several approved human vaccines with demonstrat-
ed high e!cacy. Its adjuvant e"ect relies on activation of the innate immune system. However, speci#c e"ects of 
AS01- adjuvanted vaccines on innate cell function and epigenetic remodeling, as described for Bacille Calmette- 
Guérin (BCG) and in$uenza vaccines, are still unknown. We assessed the long- term functional and epigenetic 
changes in circulating monocytes and dendritic cells induced by a model vaccine containing hepatitis B surface 
antigen and AS01 in healthy adults (NCT01777295). The AS01- adjuvanted vaccine, but not an Alum- adjuvanted 
vaccine, increased the number of circulating monocytes and their expression of human leukocyte antigen (HLA)–
DR, which correlated with the magnitude of the memory CD4+ T cell response. Single- cell analyses revealed epi-
genetic alterations in monocyte and dendritic cell subsets, a"ecting accessibility of transcription factors involved 
in cell functions including activator protein- 1 (AP- 1), GATA, C/EBP, and interferon regulatory factor. The functional 
changes were characterized by a reduced proin$ammatory response to Toll- like receptor activation and an im-
proved response to interferon- γ, a cytokine critical for the adjuvant’s mode of action. Epigenetic changes were 
most evident shortly after the second vaccine dose in CD14+ monocytes, for which accessibility di"erences of 
some transcription factors could persist for up to 6 months postvaccination. Together, we show that reprogram-
ming of monocyte subsets occurs after vaccination with an AS01- adjuvanted vaccine, an e"ect that may  contribute 
to the impact of vaccination beyond antigen- speci#c protection.

INTRODUCTION
Adjuvants are widely used in human vaccines to boost the antigen- 
speci!c immune response (1). "ey are therefore an essential com-
ponent of several licensed or approved vaccines, such as those 
against COVID- 19 [caused by severe acute respiratory syndrome 
coronavirus 2 (SARS- CoV- 2)], in#uenza [e.g., adjuvant system (AS) 
AS03 or MF59], respiratory syncytial virus (RSV)–related lower 
respiratory tract disease, malaria, or herpes zoster (AS01) (1–3). 
 Immune pro!ling of adjuvanted vaccine responses in peripheral blood 
suggests that adjuvant e$ects critically rely on the mobilization of den-
dritic cells (DCs) and monocytes as antigen- presenting cells (4–6), 
which can correlate with the antibody titer (7). Moreover, the robust 
enhancement of antigen- speci!c responses of polyfunctional CD4+ 
T cells and long- lasting functional antibodies by AS01 [a liposome- 
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Fig. 3. AS01 a!ects monocyte functionality. (A) Time points in days of vaccination and blood collection for HBsAg/AS01 vaccinees (left) and the analytical methodology 
(right) are shown. CD14+ monocytes were isolated from cryopreserved PBMCs at peak response (D2 and D32). (B) DEG counts (FDR- corrected P value ≤ 0.05) obtained by 
removing data from any combination of two participants were contrasted by time point against the baselines (D0 or D30) for postdose 1 or postdose 2 data, respectively. 
Boxplots represent medians and interquartile ranges. ***, statistical signi!cance at the color- coded time point postvaccination versus D0, as obtained by the Kruskal- 
Wallis test; global test P value < 2.2 × 10−16. (C) The heatmap shows the 189 DEGs enriched in the gene set when comparing any time point relative to either D0 or D30, 
as indicated. FC, fold change. (D) GSVA was performed on data from all participants per contrasted time point. Functional pathways were computed by sample enrich-
ment score (positive/negative scores indicate activation/repression), with adjusted enrichment P values for contrasted time points. The bubble plot represents GSVA- 
enriched GSEA hallmark gene sets (FDR- adjusted P value ≤ 0.25 in ≥1 time point comparison) across all time point comparisons. Bubble sizes represent signi!cance scores 
for activated/repressed (red/blue) pathway enrichment scores in −log10 (adjusted P value).
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Fig. 5. AS01 a!ects chromatin accessibility in monocytes. (A) Days of vaccination and blood collection for HBsAg/AS01 vaccinees (left) and the analytical methodology 
(right) are shown. (B) UMAP plots show ATAC- seq clusters (C1 to C9) annotated with the scRNA- seq dataset. Clusters analyzed in (C) are indicated in red font (see !g. S7 for 
additional markers). (C) Regulators in CD14+ and CD16+ monocytes are presented according to their detection frequency [in participant counts (N) or percentages]. 
Regulators shared by both monocyte subsets (in red font) were further analyzed. Not depicted: Regulators found in ≤2 participants (ordered by decreasing ranking): 
TCF7L2, STAT6, SP4, RUNX3, NR2F1, NR2C1, NHLH1, NFIA, MITF, MGA, MESP2, MECOM, MAFK, MAFB, ETS2, ETS1, ELF1, CREB5, and BATF for CD14+ monocytes, and ZNF281, 
ZNF143, YBX1, STAT2, SPIC, SP4, RUNX2, RREB1, RFX3, RELB, NFYB, NFIX, NFIL3, MITF, MESP2, MAFK, MAFF, LMO2, KLF4, GATA2, ETS1, EAPS1, EGR2, CIC, CEBPZ, CEBPB, and 
BCL11B for CD16+ monocytes (among the latter, GATA2 and CEBPB were also found in CD14+ monocytes and further analyzed).
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Recombinant Adjuvanted Zoster Vaccine and Reduced 
Risk of Coronavirus Disease 2019 Diagnosis and 
Hospitalization in Older Adults
Katia J. Bruxvoort,1,2,a Bradley Ackerson,1,a Lina S. Sy,1 Amit Bhavsar,3 Hung Fu Tseng,1,4 Ana Florea,1 Yi Luo,1 Yun Tian,1 Zendi Solano,1 Robyn Widenmaier,5 
Meng Shi,5 Robbert Van Der Most,6 Johannes Eberhard Schmidt,7 Jasur Danier,5,  Thomas Breuer,3 and Lei Qian1

1Department of Research and Evaluation, Kaiser Permanente Southern California, Pasadena, California, USA, 2Department of Epidemiology, University of Alabama at Birmingham, Birmingham, 
Alabama, USA, 3GlaxoSmithKline, Wavre, Belgium, 4Kaiser Permanente Bernard J. Tyson School of Medicine, Pasadena, California, USA, 5GlaxoSmithKline, Rockville, Maryland, USA, 
6GlaxoSmithKline, Rixensart, Belgium, and 7GlaxoSmithKline, Siena, Italy

Background. Some vaccines elicit nonspeci!c immune responses that may protect against heterologous infections. We evalu-
ated the association between recombinant adjuvanted zoster vaccine (RZV) and coronavirus disease 2019 (COVID-19) outcomes at 
Kaiser Permanente Southern California.

Methods. In a cohort design, adults aged ≥50 years who received ≥1 RZV dose before 1 March 2020 were matched 1:2 to un-
vaccinated individuals and followed until 31 December 2020. Adjusted hazard ratios (aHRs) and 95% con!dence intervals (CIs) 
for COVID-19 outcomes were estimated using Cox proportional hazards regression. In a test-negative design, cases had a positive 
severe acute respiratory syndrome coronavirus 2 test and controls had only negative tests, during 1 March–31 December 2020. 
Adjusted odds ratios (aORs) and 95% CIs for RZV receipt were estimated using logistic regression.

Results. In the cohort design, 149 244 RZV recipients were matched to 298 488 unvaccinated individuals. "e aHRs for COVID-
19 diagnosis and hospitalization were 0.84 (95% CI, .81–.87) and 0.68 (95% CI, .64–.74), respectively. In the test-negative design, 8.4% 
of 75 726 test-positive cases and 13.1% of 340 898 test-negative controls had received ≥1 RZV dose (aOR, 0.84 [95% CI, .81–.86]).

Conclusions. RZV vaccination was associated with a 16% lower risk of COVID-19 diagnosis and 32% lower risk of hospitaliza-
tion. Further study of vaccine-induced nonspeci!c immunity for potential attenuation of future pandemics is warranted.

Keywords. COVID-19; zoster vaccine; trained immunity; nonspeci!c e#ects.

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) that causes coronavirus disease 2019 (COVID-19) trig-
gered a global pandemic with >270 million infections and >5 
million deaths [1]. Despite extraordinarily rapid development 
of highly efficacious COVID-19 vaccines, nearly 12 months 
elapsed before vaccine implementation [2], and only 47% of 
the global population was fully vaccinated as of December 
2021 [1].

Traditionally, immune memory consisting of pathogen-
speci!c cellular and humoral responses is the hallmark of 
the adaptive response. However, a growing body of evidence 

suggests that the innate immune system can develop trained 
immunity, which can ameliorate a broad array of infectious dis-
eases, sometimes for prolonged periods [3–5]. Several studies 
of bacillus Calmette-Guérin (BCG), measles, oral polio, and in-
$uenza vaccines demonstrate the ability of the innate immune 
system to provide nonspeci!c protection against heterologous 
infections [4–6].

Recombinant adjuvanted zoster vaccine (RZV) contains 
AS01 adjuvant, which elicits an innate immune response and 
robust cellular and humoral responses [7]. We hypothesized 
that RZV could induce trained immunity that might reduce 
SARS-CoV-2 infections in older adults. "erefore, we evaluated 
the association of RZV receipt with COVID-19 diagnosis and 
hospitalization.

METHODS

Study Setting

We employed matched cohort and test-negative designs in an 
observational study conducted at Kaiser Permanente Southern 
California (KPSC), an integrated healthcare system with 15 
hospitals, 235 medical offices, and >4.7 million diverse mem-
bers. KPSC members have strong motivation to seek care 
within the prepaid system. Recommended no-cost vaccinations 

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/225/11/1915/6486498 by guest on 16 N

ovem
ber 2023

RZV and Reduced COVID-19 Risk • JID 2022:225 (1 June) • 1919

A similar reduction in risk of COVID-19 infection and severe 
disease has been reported following receipt of in!uenza vaccine 
in some, but not all, studies [10]. In our study, among individ-
uals who received in!uenza vaccine but no other vaccines, we 

found that RZV receipt was still associated with a similar reduc-
tion in risk of COVID-19 diagnosis and hospitalization, sug-
gesting that in!uenza vaccination or healthy vaccinee bias had 
minimal impact on our "ndings.
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Figure 1. Cumulative incidence estimates of coronavirus disease 2019 (COVID-19) diagnosis (A) and hospitalization (B) by recombinant zoster vaccine (≥1 dose) vaccination 
status. 
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Systems vaccinology of the BNT162b2 mRNA 
vaccine in humans

Prabhu S. Arunachalam1,14, Madeleine K. D. Scott1,2,14, Thomas Hagan3,4,14, Chunfeng Li1, 
Yupeng Feng1, Florian Wimmers1, Lilit Grigoryan1, Meera Trisal1, Venkata Viswanadh Edara5, 
Lilin Lai5, Sarah Esther Chang1,6, Allan Feng1,6, Shaurya Dhingra1,6, Mihir Shah7, 
Alexandra S. Lee7, Sharon Chinthrajah7, Sayantani B. Sindher7, Vamsee Mallajosyula1, 
Fei Gao1, Natalia Sigal1, Sangeeta Kowli1, Sheena Gupta1, Kathryn Pellegrini5, Gregory Tharp5, 
Sofia Maysel-Auslender1, Sydney Hamilton5, Hadj Aoued5, Kevin Hrusovsky8, Mark Roskey8, 
Steven E. Bosinger4,9, Holden T. Maecker1, Scott D. Boyd7,10, Mark M. Davis1,10,11, Paul J. Utz1,6, 
Mehul S. Suthar5, Purvesh Khatri1,2ಞᅒ, Kari C. Nadeau7,12,13ಞᅒ & Bali Pulendran1,10,11ಞᅒ

The emergency use authorization of two mRNA vaccines in less than a year from the 
emergence of SARS-CoV-2 represents a landmark in vaccinology1,2. Yet, how mRNA 
vaccines stimulate the immune system to elicit protective immune responses is 
unknown. Here we used a systems vaccinology approach to comprehensively pro!le 
the innate and adaptive immune responses of 56 healthy volunteers who were 
vaccinated with the P!zer–BioNTech mRNA vaccine (BNT162b2). Vaccination resulted 
in the robust production of neutralizing antibodies against the wild-type SARS-CoV-2 
(derived from 2019-nCOV/USA_WA1/2020) and, to a lesser extent, the B.1.351 strain, as 
well as signi!cant increases in antigen-speci!c polyfunctional CD4 and CD8 T cells 
after the second dose. Booster vaccination stimulated a notably enhanced innate 
immune response as compared to primary vaccination, evidenced by (1) a greater 
frequency of CD14+CD16+ in#ammatory monocytes; (2) a higher concentration of 
plasma IFNγ; and (3) a transcriptional signature of innate antiviral immunity. 
Consistent with these observations, our single-cell transcriptomics analysis 
demonstrated an approximately 100-fold increase in the frequency of a myeloid cell 
cluster enriched in interferon-response transcription factors and reduced in AP-1 
transcription factors, after secondary immunization. Finally, we identi!ed distinct 
innate pathways associated with CD8 T cell and neutralizing antibody responses, and 
show that a monocyte-related signature correlates with the neutralizing antibody 
response against the B.1.351 variant. Collectively, these data provide insights into the 
immune responses induced by mRNA vaccination and demonstrate its capacity to 
prime the innate immune system to mount a more potent response after booster 
immunization.

BNT162b2 has demonstrated 95% efficacy in preventing severe COVID-
191. Although adaptive immunity to BNT162b2 has been characterized 
in humans2,3, little is known about the innate immune response to this 
vaccine (or to any mRNA vaccine). Systems immunology enables the 
comprehensive characterization of the cellular and molecular networks 
that drive innate and adaptive immunity to vaccines and infections4–8. 
Here we used systems tools to analyse immune responses in 56 volun-
teers (Extended Data Table 1) who received two doses of BNT162b2 

(Extended Data Fig. 1a). More volunteers reported mild side effects 
after secondary than after primary vaccination (Extended Data Table 2).

Antibody and T cell responses
Primary vaccination induced binding antibody and neutralizing anti-
body responses in all but three individuals; these responses were boosted 
significantly after the secondary vaccination (Fig. 1a, b, Extended Data 
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Fig. 3 |. Transcriptional signatures of BNT162b2 vaccination.
a, Number of differentially expressed genes (DEGs) (absolute log2-transformed fold change 
> 0.2 and Wald P < 0.01) at each time point after prime (left) and boost (right). d, day. b, 
Interferon and innate BTMs that were significantly enriched (false discovery rate (FDR) < 
0.05, absolute normalized enrichment score (NES) > 2) after prime (left) and boost (right) 
vaccination. Days 1, 2 and 7 were compared against day 0; days 22, 23 and 28 were 
compared against day 21 in a, b. c, BTMs on day 22 that were significantly associated with 
plasma IFNͥ. GSEA was used to identify enrichment of BTMs within gene lists ranked by 
correlation with fold change in IFNͥ between days 22 and 21.
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Host-Directed Therapy in Pandemic Preparedness
Mihai G. Netea, MD, PhD; Frank L. van de Veerdonk, MD, PhD; Evangelos J. Giamarellos-Bourboulis, MD, PhD

Pandemics are a recurrent and devastating feature of human his-
tory, from the plague of Athens in antiquity and the Black Death in
the Middle Ages to Spanish influenza at the beginning of the 20th
century. The impact of pandemics on human history cannot be over-
estimated, with populations decimated, livelihoods lost, and econo-
mies destroyed. Despite modern hygiene measures, mass vaccina-
tion campaigns, and antibiotic treatments that both greatly reduce
infection-related mortality and the capacity of pathogens to cause
major outbreaks, pandemics remain a major threat. Five major pan-
demics have occurred in the 20th century, most of them caused by
the influenza virus (with the most devastating being the influenza
pandemic of 1918 that killed up to 50 million individuals),1 and the
major ongoing HIV pandemic.

In the first quarter of the 21st century, 2 major pandemics have
already occurred: the H1N1 strain of influenza in 2009 to 2010 and
the new coronavirus SARS-CoV-2 from 2019 to 2022. SARS-CoV-2 in-
fected billions and killed millions of people around the world through
COVID-19, the respiratory tract infection manifesting as severe pneu-
monia associated with systemic inflammation, respiratory insuffi-
ciency, and sometimes death.2 The strikingly short 12-month period
of COVID-19 vaccine development was unprecedented, due in part
to several new technologies, such as messenger RNA–based and ad-
enovirus platforms.3 Despite inequities in availability of the vaccines
between industrialized countries and those in the Global South, ma-
jor distribution and vaccination campaigns drastically improved popu-
lation immunity against COVID-19, reducing the number of infec-
tions and especially the severity and mortality of the disease.3 Novel
antivirals became available within 2 years after the start of the pan-
demic, allowing for reduction in the burden of disease if adminis-
tered early in the infection.4

Despite these rapid developments, COVID-19 still caused the
deaths of more than 7 million people around the world, while also
causing major disruptions to the world economy. Due to the grave
impacts of these pandemics, many organizations and countries
around the world, including the World Health Organization (WHO),
US, UK, China, and the European Union, have initiated programs of
pandemic preparedness that are aimed at early detection of a pan-
demic threat, development of the most effective social measures
to stop the spread of infection, and improvement of discovery and
development pipelines for new vaccines and antimicrobial drugs.
Clinical networks have been organized, including RECOVER, Ecraid,
and DIAMONDS, and efforts are being made to reduce the timeline
of vaccine development, production, and distribution and the de-
sign of multivalent vaccines that may be able to protect against novel
strains of pathogens.5 As all major pandemics of the last century were
caused by viral pathogens, the development of novel antiviral drugs
is also central to the efforts of pandemic preparedness. Justifica-
tion for the investment in current programs of pandemic prepared-

ness is the hope of preventing or at least reducing the impact of po-
tential pandemics in the future.

While these efforts are important, we argue that 2 major pillars
of pandemic preparedness are missing: the preparation for timely
investigation of microbe-host immune interactions during the emer-
gence of a new pathogen and the availability of effective immuno-
modulatory therapies that can restore immune homeostasis in the
patient. Take as an example the last high-level implementation plan
for pandemic influenza preparedness from WHO: several public
health measures, vaccine procurement, and global production ca-
pacity for vaccines and antivirals are mentioned as policy indicators,6

while immunomodulatory therapy is not named.
We urge attention be paid to immunomodulatory therapies as

an important component for current pandemic preparedness pro-
grams for several reasons. First, it is highly likely that a future pan-
demic will be caused by a respiratory virus, such as influenza or coro-
naviruses, similar to all the pandemics of the last century (with the
exception of HIV), and the pathophysiology of severe viral infec-
tions is largely driven by a dysregulated immune response.7 Sec-
ond, a dysregulated systemic inflammatory reaction, rather than vi-
ral growth, is the cause of mortality in most patients with influenza
and the major contributor to lung inflammation and respiratory in-
sufficiency in COVID-19.8 Third, during COVID-19, repurposed im-
munoregulatory treatments, including steroids and anticytokine
therapies (anti–IL-6 and anti–IL-1 neutralizing antibodies), were the
mainstay of therapy and more effective than antivirals.9 Even in pa-
tients with defective immune responses and persistent viremia, im-
munotherapy based on neutralizing antibodies or immunostimu-
lants, such as recombinant interferon-γ, has proven useful.9 Antiviral
therapies in influenza infection are only moderately effective if ad-
ministered early in the infection and lack any effect if started later
in the infection when the virus has cleared. In contrast, it has been
proposed that hyperinflammation is the cause of death in influ-
enza pneumonitis,10 and we consider it a scientific and medical over-
sight that no major immunotherapy clinical trials similar to those con-
ducted in COVID-19 have been performed in patients with severe
influenza infection.

Pandemic preparedness should take place at many levels, in-
cluding through surveillance for new pathogens and improving the
discovery and development pipelines for vaccines and antivirals.
However, a new vaccine may not be as good as the COVID-19 vac-
cines proved to be, and the continuous challenge to develop highly
effective anti-influenza vaccines, especially for vulnerable popula-
tions, such as older adults, is a stark reminder of the difficulty of this
task. Moreover, some individuals will be unable to be vaccinated for
medical reasons, while others will decline vaccination due to vac-
cine reluctance—for which educational programs and effective mea-
sures to counteract the spread of misinformation will be crucial.

Opinion

VIEWPOINT
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The importance to add insuring immunomodulatory therapy for pandemic 
preparedness:

• Mortality in many (if not most) patients with severe influenza or coronavirus 
infections is due to immune dysregulation

• Immune dysregulation is antigen- and virus-agnostic

• More people were saved by steroids/anti-IL6/anti-IL-1 therapy than 
antivirals during the COVID-19 pandemic

• Production capacity is limited

• We do not know which immunotherpay would be effective in influenza

JAMA 2025
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