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Immune memory, generally considered to be a characteristic of
the adaptive immune system, is crucially important for resis-
tance to reinfection by specific pathogens. On the other hand,
recent experimental and epidemiological studies indicate that
the innate immune system also has functions similar to
immune memory. For example, plants and invertebrates such
as insects, which lack adaptive immune systems, still exhibit
immune memory-like behavior. Furthermore, BCG (Bacille-
Calmette-Guerin) vaccination in childhood in West Africa
reduces overall mortality by enhancing resistance to multiple
pathogens other than tuberculosis. Although accumulating evi-
dence suggests that innate immune memory (also known as
“trained immunity”) exists, the issue remains controversial
within the field, in part because its molecular mechanism is
unknown.

We found that the transcription factor ATF?7 is a key regula-
tor of epigenetic memory induced by pathogen infection, which
contributes to innate immune memory" (Fig. 1). ATF7 belongs
to the ATF2 subfamily, which plays a critical role in epigenetic
memory.” In peritoneal macrophages at steady state, ATF7
binds to a group of innate immunity-related genes and silences
their expression by introducing a repressive epigenetic mark,
H3K9me2, via recruitment of the histone dimethyltransferase
G9a. Following LPS (lipopolysaccharide) treatment, ATF7 is
phosphorylated by p38 and released from chromatin, leading
to disruption of heterochromatin and a reduction in the level of
H3K9me2. Once ATF7 is released from chromatin, it is not
entirely recruited back to the original binding sites, contribut-
ing to maintenance of partially disrupted heterochromatin.
Such long-term maintenance of epigenetic changes in macro-
phages enhances resistance to pathogens.

A recent study showed that pre-treatment of human mono-
cytes with B-glucan during in vitro cultivation increases the
level of H3K27Ac and H3K4me3 on a set of innate immune
genes in the resultant differentiated macrophages,® suggesting
that TLR ligands induce epigenetic changes during differentia-
tion from monocytes into macrophages. On the other hand,
although all types of macrophages were once believed to arise
from monocytes circulating in the blood, a series of studies in
the last decade showed that 2 subsets of tissue macrophage
exist, and that they originate from different lineages*: one

population is derived from monocytes in adult blood, and the
other is established during embryonic development and stably
maintained until adulthood, independently of monocytes.
Around 90% of peritoneal macrophages are of the latter type,
suggesting that pathogen infection induces epigenetic changes
primarily in macrophages of embryonic origin. Furthermore,
generation of H3K27Ac and H3K4me3 is stimulated by the
transcription-coupled recruitment of the coactivator CBP
(CREB Binding Protein) and ubiquitination of histone H2B,
respectively. These findings suggest that elevation of H3K27Ac
and H3K4me3 levels might be due to transcriptional induction
caused by the sustained reduction in H3K9me2 on ATF7 target
genes.

We found that treatment with some TLR ligands that mimic
infection by Gram-positive and -negative bacteria, fungi, and
viruses can also induce innate immune memory. Administra-
tion of LPS (TLR4 ligand from virulent E. coli), B-glucan
(TLR2 and Dectin-1 ligand from C. albicans), and peptidogly-
can (TLR2 from B. subtilis) maintained the elevated expression
of the ATF7-regulated genes in macrophages, whereas adminis-
tration of imiquimod, which has a structure similar to that of
single-stranded viral RNA, did not. This observation suggests
that ATF7 mediates bacteria- and fungi-induced innate mem-
ory, but not virus-induced innate memory. After priming with
LPS or B-glucan, elevated expression of genes associated with
infectious disease and immunity were maintained for long peri-
ods, consistent with the maintenance of enhanced resistance to
various pathogens. Because M. tuberculosis produces various
macrophage-activating factors, including ligands for TLR and
dectin-1, BCG-induced innate immune memory may also be
mediated by ATF7.

Macrophages treated with LPS or f-glucan maintain the
phenotypic signature of MIl-type polarization in vivo, and
STAT1 appears to play a key mode in this regulation. This
observation is consistent with the fact that IRF/STAT pathway
is critical for M1 macrophage polarization.” The M1-marker
chemokines, CXCL9/10, whose expression is most strongly
induced by LPS administration, promote recruitment of Tyl
cells, making Tyl predominant over Ty2. Maintained expres-
sion of such chemokines may explain why bacterial infection
during infancy continues to activate Ty1 cells. According to the
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Figure 1. Schematic view of ATF7-mediated innate immune memory in macrophages. The ATF7-G9a complex forms heterochromatic structures by introducing H3K9me2.

The complex is released from chromatin upon bacterial or fungal infection, thereby

reducing the level of H3K9me2 and disrupting heterochromatin. Macrophages primed

by infection express higher levels of ATF7 target genes, including M1 marker genes that affect Th1 activity.

“hygiene hypothesis,” this diminishes susceptibility to allergy in
adulthood,’ suggesting that genes whose upregulation is main-
tained for long periods by innate immune memory could be
used to monitor susceptibility to allergy.

These findings regarding innate immune memory also force
us to reconsider the mechanism of adjuvants, which activate
innate immunity and are required for effective vaccines.
Although activation of innate immunity by adjuvants was pre-
viously thought to last only a few days,” it is now widely
believed that adjuvants continue to activate innate immunity
for longer periods. This information may improve screening
methods used to identify more effective adjuvants, e.g., by mon-
itoring the expression levels of genes whose upregulation is
maintained for long period by innate immune memory. Thus,
understanding of the mechanism of innate immune memory is
important not only for fundamental research on the immune
system but also for potential clinical applications.
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