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Ageing is a well-known risk factor for several chronic
conditions, such as heart diseases, diabetes, cancer, chronic
kidney disease, non-alcoholic fatty liver disease (NAFLD),
and neurodegenerative and autoimmune conditions that
negatively impact health and overall survival rate [1]. A
hallmark of ageing is the occurrence of low-grade systemic
chronic inflammation (SCI), commonly known as ‘inflam-
maging’, which not only emerges with advancing age but
also serves as an predictor of age-related pathologies [2].
While the significance of the immune system in maintain-
ing human health and well-being has been recognized for
over a century, the chronic inflammatory features of the im-
mune system as an integrated part of ageing have only been
acknowledged in recent decades [3].

Understanding the underlying causes of chronic in-
flammation needs a deeper investigation of the immune
system, which undergoes substantial alterations during the
ageing process, even before the onset of disease. Var-
ious immune components, including cellular frequencies
and functional capacity across innate and adaptive arms, are
changed with age, leading to an impeded immune respon-
siveness and a mild rise in circulating inflammatory me-
diators [4]. Contrary to the acute inflammatory response,
characterized by a temporary elevated and tightly regulated
immune response to infection, chronic and systemic in-
flammation is deemed to be elicited by persistent endoge-
nous danger signals, such as ‘damage-associated molecu-
lar patterns’ (DAMPs) triggered by cellular stress or injury
[5]. This shift from a transient to a persistent immune re-
sponse disrupts normal cellular homeostasis, compromises
immune tolerance, and elevates the risk of developing var-
ious chronic diseases.

Driven by the connection between the immune sys-
tem and numerous age-related diseases, studies have iden-
tified immune-related indicators capable of predicting an
individual’s risk for age-associated diseases [4,5]. Based
on the immune patterns associated with age-related inflam-
mation, a study assessing blood immune profiles from a
large population cohort aged 8 to 96 years reported the in-
flammatory clock of ageing (iAge). This mechanism has
shown a strong correlation with multimorbidity [6], con-
sidered the gold standard in ageing research. Interestingly,
consistent with the immunological shift observed during

ageing, iAge demonstrated specific peripheral immune sub-
types as predictors of multimorbidity. The positive pre-
dictors include effector CD8+ T cells, central memory T
cells, and monocytes, while total CD8+ T cells, transitional
B cells, and plasmablasts were observed as negative pre-
dictors. Furthermore, immune responses to cytokine stim-
uli also demonstrated an association with iAge, where re-
sponses from T cells and B cells were negatively correlated,
while monocyte responses were substantially linked to iAge
[6].

Aligned with the global shift in immune homeosta-
sis observed with ageing, an age-related rise in type 2/in-
terleukin (IL)-4-expressing memory T cell sub-populations
and pro-inflammatory CD8 T cells were observed in a pop-
ulation cohort aged 25 to 85 years [7]. Moreover, immune
cell subtypes are crucial in epigenetic ageing, as measured
by DNA methylation-based epigenetic clocks, which have
emerged as valuable tools for assessing chronological age.
Particularly, the epigenetic age accelerator (EAA) has been
correlated with morbidity and disease outcomes. Peripheral
immune cell composition strongly correlates with EAA in
human blood and with epigenetic ageing [8], highlighting
the intricate relationship between immunity and ageing.

Identifying biomarkers of ageing warrants a deeper
understanding of the widespread implication of the immune
system during the ageing process. Age-related chronic
inflammation differs significantly from infection-induced
(acute) inflammation, particularly regarding their respec-
tive markers. For example, classical indicators of acute
inflammation, such as IL-6 and tumour necrosis factor-α
(TNF-α), are not prominent markers of age-related chronic
inflammation [6]. Interestingly, the strongest contribu-
tor to the iAge is the chemokine (C-X-C motif) ligand 9
(CXCL9), an interferon-related chemokine. Under normal
homeostatic conditions, CXCL9 is expressed at low levels
but is substantially upregulated and secreted by monocytes,
fibroblasts, endothelial cells (ECs), and cancer cells in re-
sponse to interferon (IFN)-γ. CXCL9 acts as a chemoat-
tractant for immune cells that express its receptor, C-X-C
motif chemokine receptor type 3 (CXCR3), on their sur-
face, including several types of innate and adaptive immune
cells [9]. Notably, CXCL9 expression in ECs elevates with
ageing and is associated with EC dysfunction and cellular
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Fig. 1. Immune alterations driving ageing and age-related multimorbidity. A global shift in balanced haematopoiesis, characterized
by decreased bal-HSCs and increased my-HSCs, drives immune alterations. Immune alterations manifest chronic inflammation, com-
promised immune tolerance, and altered immune functions – collectively facilitating ageing process and associated immune metrics (risk
factors) for age-related multimorbidity. HSCs, haematopoietic stem cells; bal-HSCs, balanced haematopoietic stem cells maintaining
both lymphoid and myeloid cells; my-HSC, myeloid-biased haematopoietic stem cells giving rise to myeloid cells only. Each arrow
indicates the direction. The drawing of this figure was completed using the Microsoft PowerPoint software (version 16.89.1).

senescence, facilitating the ageing process [6]. This age-
related increase in CXCL9 highlights its crucial role in im-
mune system alterations and chronic inflammation during
ageing.

A comprehensive understanding of the ageing process
and developing pre-clinical proof-of-concept approaches
for anti-ageing interventions require an assessment of
the global shift in balanced haematopoiesis (Fig. 1).
This shift is characterised by an alleviation in lym-
phopoiesis and adaptive immunity accompanied by an el-
evated myelopoiesis which leads to chronic inflamma-
tion and myeloid-driven pathologies [10]. Furthermore,
haematopoietic stem cells (HSCs), responsible for main-
taining immune cell populations and the stem cell pool, un-
dergo an age-related shift from ‘bal-HSCs’ which facilitate
balanced production of lymphoid andmyeloid cells, to ‘my-
HSCs’ predominantly producing myeloid cells [11,12]. In
aged mice, the antibody-mediated depletion of my-HSCs
rebalanced the haematopoietic system, restoring immune
homeostasis by increasing lymphocyte progenitor levels,
improving adaptive immunity, and enhancing adaptive re-
sponses to viral infection [13]. Given the impact of sys-
temic inhibition of Rho family GTPases (RhoGTPase) cell
division control protein 42 (Cdc42) activity on the increased
regenerative potential of aged HSCs, transplantation of
aged HSCs after a short systemic treatment with a specific
inhibitor of Cdc42 had the same life-extending effects in
aged immunocompromised mice that hadn’t received the
treatment [14]. Many age-related organ damages can also
be repaired by rejuvenating the immune system, at least in
mice. Transplantation of immune cells from the spleen of

young mice reversed senescence and multiple organ dam-
age in mice induced by the deletion of a DNA-repair en-
zyme in the immune system [15].

Despite significant progress in uncovering the intri-
cate role of immunity in ageing (Fig. 1), a precise and quan-
titative measure of ageing that accounts for immune dys-
function are essential. Such measures are crucial for as-
sessing the efficacy of rejuvenation therapies. Advancing
therapeutic interventions for ageing requires further inves-
tigations into the underlying causes of immune imbalance,
particularly the molecular cues driving impaired adaptive
immune responses, elevated inflammatory myeloid output,
and detrimental cross-talk between HSC subsets.
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