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Innate immunity is mediated by different cell 
types and cell-associated or fluid-phase pattern-
recognition molecules and plays a key role in 
tissue repair and resistance against pathogens.1 
Exposure to selected vaccines, such as bacille 
Calmette–Guérin (BCG) or microbial components, 
can increase the baseline tone of innate immu-
nity and trigger pathogen-agnostic antimicrobial 
resistance (known as trained innate immunity). 
Such training is directly relevant to resistance 
against infectious diseases, including Covid-19. 
A recent study by de Laval et al.2 pinpoints a 
driver of durable innate immune memory con-
ferred by myeloid cells (monocytes, macrophages, 
and neutrophils).

Myeloid cells are central players in innate im-
munity: they produce effector molecules and 
contribute to the activation, orientation, and reg-
ulation of adaptive immune responses. Diversity 
and plasticity are fundamental properties of my-
eloid cells, particularly macrophages. To some 
extent, these properties are imprinted through 
ontogenetic origin (embryonal vs. adult bone 
marrow), but they are also influenced by environ-
mental cues in the tissue. Moreover, in response 
to microbial molecules, metabolic products, or 
cytokines, macrophages increase effector func-
tion (“activation”), are primed for short-term 
responses (“priming”), or become unresponsive 
(“tolerance”). Microbial components can also 
cause long-term imprinting (“training”) of innate 
immunity and myeloid-cell function (Fig. 1).3 
(This type of imprinting is distinct from genomic 
imprinting whereby methyl groups are added to 
DNA in or near specific genes.)

The cellular basis of trained immunity and 
heterologous protection against secondary infec-
tions resides in the functional reprogramming 
of innate immune cells, which were first ob-

served in invertebrates.4 Selected live attenuated 
vaccines (such as BCG) or fungal structures 
(such as beta-glucans and lipopolysaccharide) 
can durably boost antimicrobial function in my-
eloid cells; this function is associated with 
changes in chromatin conformation, which in 
turn alter accessibility to the regulatory elements 
in DNA that govern gene transcription, in these 
cells. Evidence supports the convergence of mul-
tiple regulatory layers, including changes in 
chromatin organization at the level of the topo-
logically associated domains of DNA (genomic 
regions where interactions among specific DNA 
sequences occur preferentially, as compared with 
sequences located outside the domain), in tran-
scription of long noncoding RNAs, in DNA 
methylation, and in reprogramming of cellular 
metabolism. Stimulation of innate immune cells 
can leave an “epigenetic scar” — a pattern of ex-
posed enhancers and promoters of host-defense 
genes. Each element of the scar has, by virtue of 
its exposure, heightened responsiveness in its 
ability to influence gene expression.

The experimental observations of durable 
effects induced at the level of myeloid cells by 
microbial products (such as lipopolysaccharide 
or beta-glucans) or vaccines (such as BCG) pre-
sent a conundrum, because mature myeloid 
cells such as monocytes and dendritic cells 
have a relatively short half-life, at least in the 
circulatory system. How trained immunity is 
maintained in myeloid cells over the course of 
months or even years has been unknown. The 
work by de Laval et al. provides some insight. 
Using mouse models, they showed that the 
long-time induction of innate immune memory 
is generated through transcriptomic, epigene-
tic, and functional reprogramming of myeloid 
progenitors (hematopoietic stem cells) in the 
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bone marrow. They discovered that this repro-
gramming (or imprinting) is dependent on the 
transcription factor CCAAT/enhancer-binding 
protein β (C/EBPβ) and can be induced by ex-
posure to lipopolysaccharide, a component of 
the cell wall of Pseudomonas aeruginosa and other 
gram-negative bacteria. The imprinting led to a 
transient myeloid bias (i.e., a transient orienta-
tion of hematopoiesis toward increased produc-
tion of myeloid cells), which was associated with 
protection against later infection by P. aerugi-
nosa. Their report thus provides a potential 
mechanistic blueprint for the long-term effect 
of vaccines with live attenuated microorgan-
isms, such as BCG or measles, on cells confer-
ring innate immunity (Fig. 1). The finding that 
epigenetic memory undergirds innate immu-
nity at the level of bone marrow progenitors is 
consistent with a myeloid bias in bone marrow 
hematopoietic stem cells of healthy volunteers 
3 months after BCG vaccination.5

The relative importance of imprinting of my-
eloid-cell function in hematopoietic stem cells, 
as described by de Laval et al., as compared with 
that of mature macrophages,1 remains to be 

elucidated. No less important is defining the 
time frame of training and the extent to which 
it informs off-target pathogen-agnostic protec-
tion. Children undergo an intense vaccination 
program involving adjuvants, which is perhaps 
relevant to their relative resistance to Covid-19.6

In the same vein, it would be important to ascer-
tain whether the receipt of influenza vaccine with 
or without an adjuvant by elderly persons has 
resulted in differences in the function of heter-
ologous mechanisms of protection and subse-
quent differences in susceptibility to Covid-19.

Some epidemiologic studies suggest that BCG 
has a pleiotropic effect that decreases the inci-
dence of other infections.7 Several trials to deter-
mine whether BCG can help prevent Covid-19 
are under way; findings from these trials could 
reinforce a role of trained immunity in illness 
prevention or amelioration (the second author of 
this article is leading two of them). The use of 
BCG in the prophylaxis or treatment of Covid-19 
outside of controlled clinical trials is, of course, 
not recommended.

Disclosure forms provided by the authors are available at 
NEJM.org.

Figure 1. Cellular and Molecular Mechanisms Underlying Trained Innate Immunity.

Exposure to microbial signals, particularly from bacille Calmette–Guérin (BCG), and to cytokines trains myelomonocytic cells with en-
hanced effector function against microbial agents. Training can occur at the level of bone marrow hematopoietic stem cells or of mature 
macrophages. Training-mediated augmentation of myelomonocytic-cell function depends on reshaping of the epigenetic landscape driven 
at the level of stem cells by the pioneering transcription factor (TF) CCAAT/enhancer-binding protein β (C/EBPβ),2 transcription of long 
noncoding RNA, and metabolic rewiring. Trained myeloid cells show enhanced killing capacity and increased production of cytokines, 
chemokines, and fluid-phase pattern-recognition molecules. Moreover, they are better suited to triggering adaptive immune responses. 
Training is likely to underlie the off-target pathogen-agnostic function of BCG and possibly other vaccines. Interferon regulatory factors 
(IRFs) and PU.1 are TFs. X and Y indicate TFs that are involved in the regulation of specific genes in trained macrophages.
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