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Trained immunity

The dogma that only adaptive immune cells
are able to generate immune memory has
been challenged by studies in simple organ-
isms (e.g., plants or invertebrates), as well
as complex organisms (e.g., vertebrates),
defining the existence of memory in innate
immune cells (1). Trained immunity (TI) is
induced following the exposure to specific
training agents such as live bacteria (e.g.,
bacillus Calmette-Guérin [BCG]) or patho-
gen-associated molecular patterns (PAMPs;
e.g., p-glucan) that epigenetically change
the functional immune status. Notably, fol-
lowing removal of the initial training agents,
the cellular immune activation returns to
basal levels. However, trained immune
cells mount faster and enhanced respons-
es to a secondary homologous or heterolo-
gous stimulus due to the initial epigenetic
imprinting (1). The classical TI response
is characterized by increased secretion of
proinflammatory cytokines (such as TNF-o,

Although the memory capacity of innate immune cells, termed trained
immunity (TI), is a conserved evolutionary trait, the cellular and molecular
mechanisms involved are incompletely understood. One fundamental
question is whether the induction of Tl generates a homogeneous or
heterogeneous population of trained cells. In this issue of the JCI, Zhang,
Moorlag, and colleagues tackle this question by combining an in vitro
model system of Tl with single-cell RNA sequencing. The induction

of Tl in human monocytes resulted in three populations with distinct
transcriptomic profiles. Interestingly, the presence of lymphocytes in the
microenvironment of monocytes substantially impacted TI. The authors
also identified a similar population of monocytes in various human
diseases or in individuals vaccinated with bacillus Calmette-Guérin. These
insights warrant in-depth analysis of Tl in responsive versus nonresponsive
immune cells and suggest that modulating Tl may provide a strategy for
treating infections and inflammatory diseases.

IL-6, and IL-1B; ref. 2) and enhanced anti-
microbial capacity (3, 4) or antitumor activ-
ity (5) compared with untrained cells. For
these reasons, TI has emerged as a prom-
ising therapeutic strategy and has been the
subject of extensive research.

The discovery of TI in humans was first
established in blood monocytes differenti-
ating into macrophages (2). Theoretically,
however, TIcanbeinducedineveryimmune
and nonimmune cell type (6). Therefore,
the location of this event has been divided
into central training in the bone marrow,
which is home to hematopoietic stem
and progenitor cells (HSPCs) (4, 7, 8), and
peripheral training in blood circulation
or stromal and structural cells. Although
some mechanisms for epigenetic remod-
eling and metabolic reprogramming of
trained human monocytes have been stud-
ied (9), the heterogeneity, duration, and
maintenance of chromatin modifications
driving innate memory responses are still

» Related Article: https://doi.org/10.1172/)CI147719

Conflict of interest: The authors have declared that no conflict of interest exists.
Copyright: © 2022, Pernet et al. This is an open access article published under the terms of the Creative Commons

Attribution 4.0 International License.

Reference information: J Clin Invest. 2022;132(7):e158468. https://doi.org/10.1172/)CI158468.

under investigation. In this issue of the JCI,
Zhang, Moorlag, et al. elegantly investi-
gated the effect of various training agents
on the induction of TI in human mono-
cytes/macrophages at single-cell resolu-
tion. Additionally, the authors showed the
potential contribution of adaptive immune
cells to the magnitude of induced TI.
Finally, they validated their findings using
recently published data sets in monocytes/
macrophages isolated from the blood of
patients with various illnesses (e.g., ulcer-
ative colitis, sepsis, and COVID-19) or
BCG-vaccinated individuals (10).

Heterogeneity of trained cell
populations

To better understand the specific signatures
of TI induction in human monocytes and
macrophages, Zhang, Moorlag, et al. used
four different training agents: B-glucan
and muramyl dipeptide to mimic microbi-
ally mediated training, and uric acid and
oxidized LDL to mimic sterile inflamma-
tion-mediated training (2, 3, 11-13). Using
single-cell SORT-seq, they first analyzed
the transcriptomic profiles of monocytes
after four hours of stimulation with these
training agents. Focusing on TI-induced
signature genes, i.e., proinflammatory cyto-
kines (TNF-q, IL-6, and IL-1B) and chemo-
kines (CXCL9-11), the authors observed
that despite different levels of induction
of TI-associated transcriptional programs
across the four stimuli, B-glucan was the
strongest inducer of TI in monocytes (10).
After 5 days of culture, the training agents
had no impact on monocyte differentiation
into two distinct macrophage populations.
Next, the authors assessed the response of
trained macrophages upon secondary stim-
ulation (with lipopolysaccharide [LPS]). By
using unsupervised cluster analysis, they
identified three distinct subsets of macro-
phages, equally present across the differ-
ent stimuli. Two of these subpopulations
were responsive, with the TI transcriptom-
ic signature indicating high levels of gene
expression for proinflammatory cytokines
and/or chemokines. Surprisingly, the third
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Figure 1. Central and peripheral heterogeneous TI. The induction of peripheral (e.g., monocytes) or
central (e.g., hematopoietic stem cells, HSCs) Tl involves integration of multiple signaling waves. Stim-
ulation with a training agent (BCG, B-glucan) initiates the first signal (signal 1). The training program

of monocytes and HSCs is further potentiated by the second signal (signal 2), which includes cytokine
signaling (IFN-y, IL-1), secreted by lymphocytes (T cells an NK cells) or innate lymphoid cells. Zhang,
Moorlag, et al. (10) assessed the transcriptomic profile of peripheral training and identified heteroge-
neity (responsive vs. nonresponsive cells) in Tl of human monocyte/macrophage populations.

subpopulation (38% of the macrophages)
was nonresponsive and showed no TI
signature (10). Following these in vitro
observations, the authors validated their
findings using recently published data sets
from various human diseases. Both respon-
sive and nonresponsive monocyte/macro-
phage subsets were present and associated
with disease severity.

These exciting and unexpected obser-
vations raise several important questions.
Although the authors elegantly described
the heterogeneity of the monocyte-derived
macrophage populations after training, the
mechanism that dictates the commitment
of cells toward the two distinct respon-
sive and nonresponsive cell types is still
unknown. It is intriguing that a substan-
tial fraction of the macrophages remained
untrained. The authors speculated that the
induction of TI is a dynamic process inte-
grating multiple signaling pathways. The
alteration of the cytokine milieu by the
responsive cells can trigger both autocrine
and paracrine signals to induce or inhibit
TI in bystander cells. For example, a first
wave of training can induce the expression
of protraining cytokines, such as IFN-y by
NK cells or T cells (4, 14), followed by inhib-
itory signaling pathways such as SHIP1 (15).
Consequently, within the same population,
there are specific epigenetic and metabolic

programs that can promote or limit TIL. In
addition, our knowledge of cell plasticity
for epigenetic imprinting and the dynamic
of epigenetic alteration in progenitor ver-
sus fully differentiated cells is still limited.
Thus, fully differentiated macrophages
might lose their plasticity for gaining new
epigenetic changes following stimulation.
Therefore, coupling the transcriptomic
landscape with single-cell analysis of acces-
sible chromatin (ATAC-seq) of trained
immune cells will be a powerful approach
to address these questions.

While these nonresponsive cells limit
the overall magnitude of the host response,
we can speculate that they may represent
an evolutionary mechanism to regulate
monocyte and macrophage activation and
prevent induction of maladaptive respons-
es. Interestingly, the authors have demon-
strated that TI signatures were suppressed
in monocytes from patients with severe
sepsis or COVID-19. Therefore, systematic
functional assessment of responsive versus
nonresponsive innate immune cell popula-
tions is required to understand the full spec-
trum of trained immune cells in the setting
of infectious or immune-mediated diseases.

Role of lymphocytes in Ti
In parallel to studying the heterogeneity
of the trained monocyte and macrophage
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populations, Zhang, Moorlag, et al. also
tackled the potential crosstalk between
innate and adaptive immune cells in aug-
menting TI. They used a simple but effi-
cient approach by comparing the training
capacity of monocytes in total PBMCs ver-
sus Percoll-isolated monocytes (10). Using
this approach, the authors observed that
the presence of other leukocytes in the
microenvironment of monocytes enhanced
their transcriptional response to the train-
ing agents. This observation indicates that
the presence of other cells can have a pro-
found impact on the commitment of mono-
cytes toward trained phenotypes. Using
NicheNet to analyze cell-cell interactions
inferred from their single-cell RNA-seq
data set, the authors suggested that mono-
cytes actively communicate with lympho-
cytes. In particular, signals from NK cells
and CD8* T cells potently amplified TL
In line with this observation of peripheral
training, studies of central training show
that the HSPC training program requires
type II IFN (IFN-y) signaling after BCG
vaccination (4, 14) or IL-1 signaling after p-
glucantraining (3). Interestingly, itisimport-
ant to note that virulent pathogens (e.g.,
Mycobacterium tuberculosis) are able to use
the type I IFN signaling pathway to inhibit
TI (7). Collectively, these studies indi-
cate that identifying the cellular source of
these key cytokines and the magnitude of
pro- and anti-training dialogue between
adaptive and innate immune cells will be
required to determine the complex mecha-
nisms involved in T1.

A role for eicosanoids in TI?

Remarkably, through their analysis of in
vitro and in vivo data sets, Zhang, Moorlag,
and colleagues identified additional TT sig-
nature genes (10), including PTGS2, which
encodes cyclooxygenase 2 (COX2) that is
required for the generation of bioactive lip-
ids such as prostaglandin E2 (PGE2). This
result agrees with a previous study demon-
strating that NK cell-derived IFN-y induces
aregulatory program in monocytes, includ-
ing increased PGE2 production, prior to
egress from the bone marrow (14). How-
ever, whether eicosanoids are required for
inducing TI or the alteration of eicosanoids
is a consequence of TI remains to be elu-
cidated. Nonetheless, because PGE2 and
other eicosanoids are master regulators of
the host resistance and disease tolerance to
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both bacterial and viral infection (16-20),
they may also regulate the magnitude of
TI peripherally or centrally. A careful lipid-
omic analysis of trained immune cells will
be required to identify the effect of TI on
the global eicosanoid profile of monocytes
and macrophages. Thus, modulation of TI
by using readily available drugs targeting
eicosanoid pathways may be a therapeutic
avenue in both infectious and noninfec-
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