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Cytotoxic CD4+ 
T cells support 
age-associated 
myelopoiesis

Aging is associated with 
myeloid-biased hematopoiesis, 
which leads to the establishment 
of a pro-inflammatory 
microenvironment. We 
discovered that cytotoxic CD4+ 
T cells foster this process  
via the CCL5–CCR5 axis and 
found that the clinically 
approved CCR5 antagonist 
maraviroc can rebalance 
immunity in aged mice.

The problem

As we age, the neutrophil-to-lymphocyte 
ratio (NLR) progressively increases, 
reflecting a shift in the balance between 
innate and adaptive immunity. NLR is  
a powerful and easy-to-measure indica-
tor of immune health, and a high NLR 
predicts mortality in a plethora of 
human conditions1. These changes in 
circulating immune cells are rooted 
in profound changes within the bone 
marrow. With age, the balance between 
lymphoid and myeloid progenitors is 
gradually disrupted, favoring the pro-
duction of myeloid cells at the expense 
of lymphoid cells.

Inspired by previous studies show-
ing that T cells accumulate in the bone 
marrow under stressful conditions2,3, 
we asked whether aging might similarly 
promote the accumulation of T cells in 
this tissue. This question led us to explore 
whether T cells in the aged bone marrow 
have an active role in driving hemat-
opoietic remodeling and, ultimately, 
immune aging.

The discovery

Using spectral flow cytometry, we 
identified a distinct T cell population 
that preferentially accumulates in the 
bone marrow of aged mice. These cells 
were characterized by high expression of 
the chemokine CCL5 and the transcrip-
tion factor EOMES, resembling a cell 
population previously described as CD4+ 
cytotoxic T lymphocytes (CD4+ CTLs) 
(Fig. 1a). Notably, CD4+ CTLs are highly 
enriched in the blood of supercentenar-
ians and have been proposed to have 
a protective role in healthy aging4,5. To 
define the mechanisms underlying CCL5 
expression in CD4+ T cells, we combined 
genetic and pharmacological approach-
es and found that accumulation of 
mitochondrial stress and cytosolic DNA 
leads to activation of the STING pathway 
in CD4+ T cells from aged mice. STING  
activation in turn contributes to CCL5  
expression. Notably, CCR5, the main 
receptor for CCL5, was markedly up-
regulated in aged hematopoietic stem 
cells. We generated mixed bone-marrow 
chimeras harboring wild-type and 
CCR5-deficient hematopoietic pro-
genitors. Adoptive transfer of aged CD4+ 
T cells into these mice demonstrated that 
T cells promote myeloid-biased hemat-
opoiesis through the CCL5–CCR5 axis.

Next, we treated aged mice with mara-
viroc, a CCR5 antagonist that is approved  
for clinical use in individuals infected  

with human immunodeficiency virus 
(HIV). Treatment with maraviroc  
reduced myelopoiesis and the percent-
ages of circulating neutrophils in aged, 
but not in young, mice. Compared 
with mice of the control group, aged 
mice receiving maraviroc showed NLR 
normalization, along with a decrease in 
circulating pro-inflammatory mediators 
and aging biomarkers. Maraviroc  
also reduced the numbers of tissue- 
infiltrating neutrophils and improved 
functional outcomes, including muscle 
strength and locomotor coordination,  
in aged mice (Fig. 1b).

The implications

Our findings suggest that age-associated 
changes in adaptive immune cells  
might actively promote innate immune 
activation, perhaps as a compensatory 
mechanism. Specifically, interactions  
between aged CD4+ T cells and hematopoi-
etic stem cells can alter the hematopoietic 
output and promote myelopoiesis,  
potentially contributing to chronic  
innate immune activation. In addition,  
our results suggest that this process  
can be reversed by maraviroc, a CCR5 
antagonist that is already approved for 
use in the clinic.

Nevertheless, these findings should 
be interpreted with caution given three 
intrinsic limitations of our study. First, 
our experiments were performed in 
mice, which differ substantially from 
humans in terms of circulating immune 
cell composition. Second, our study 
does not exclude the possibility that 
cellular sources of CCL5 other than CD4+ 
CTLs also contribute to age-associated 
myelopoiesis. Third, the beneficial  
effects of maraviroc on aging-associated 
phenotypes might involve mechanisms 
beyond rebalancing hematopoiesis, 
including direct inhibition of CCR5 sign-
aling in peripheral organs.

Future research will determine 
whether our identified molecular 
mechanism is conserved in humans and 
whether pharmacological inhibition 
of CCR5 might be beneficial in specific 
age-associated diseases. In view of the 
potential broad effects of maraviroc, 
whether treatments that specifically 
target myelopoiesis can promote protec-
tion in age-associated diseases remains 
an open question.
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Fig. 1 | Targeting the CCL5–CCR5 axis ameliorates age-associated hematopoietic dysfunction associated 
with cytotoxic CD4+ T cell accumulation. a, Bone marrow profiling of young (3-month-old) and aged 
(24-month-old) mice revealed an accumulation of CCL5-expressing cytotoxic CD4+ T cells with age. UMAP, 
uniform manifold approximation and projection. b, Treatment of aged (23-month- old) mice with the CCR5 
antagonist maraviroc for 1 month reduced age-associated myeloid skewing and circulating neutrophil  
levels. LS−K, Lin−Sca-1−c-Kit+; GMP, granulocyte–monocyte progenitor; rTreg, resting regulatory T cells; 
aTreg, activated regulatory T cells; TCM, central memory T cells; TEM, effector memory T cells. © 2026, 
Gabandé-Rodríguez, E. et al., CCBY 4.0.

EXPERT OPINION

“Gabandé-Rodríguez et al. describe a 
previously unrecognized mechanism driving 
enhanced myelopoiesis during aging, 
through cytotoxic T cells that recirculate to 
the bone marrow and overproduce CCL5, 
thereby skewing hematopoiesis towards 
myelopoiesis and granulopoiesis.  

This mechanism can be blocked through the 
CCL5 receptor CCR5, which can rejuvenate 
some features in aged mice. These are 
very exciting findings and are overall 
well supported.” Simon Mendez-Ferrer, 
University of Cambridge, Cambridge, UK.

BEHIND THE PAPER

This journey began almost 6 years ago, 
inspired by findings linking a high NLR with 
age-associated diseases and mortality, 
as well as with skewed differentiation of 
hematopoietic progenitors in the aged 
bone marrow1. Our longstanding interest 
in T cells, together with excellent work 
by former members of our lab and other 
groups, set the stage for a long journey 
of effort and resilience during which we 
explored a still poorly characterized subset, 
the cytotoxic CD4+ T cells, and their role in 
driving age-associated myelopoiesis.

A major challenge throughout this 
research was the intrinsic difficulty of 
working with aged mice. Their long lifespan 
limits the availability of experimental 

cohorts, especially when they involve the 
generation of new genetically modified 
mouse models. Thus, not all mechanistic 
questions can be addressed within the tight 
time constraints of a research project. This 
challenge was compounded by the narrow 
deadlines of funding programs designed to 
support early-career researchers. As a result, 
pursuing mechanistic questions in aged 
animals required considerable patience, 
persistence and resilience. In this landscape, 
we are deeply grateful for the inspiring work 
that preceded ours and to all the members 
of our lab and our families for their crucial 
support throughout the sometimes stressful 
journey of bringing this paper to publication.
E.G.-R., G.S.-H. & M.M.

FROM THE EDITOR

“The reshaping of both adaptive and innate 
immunity during aging has important 
systemic consequences. The mechanism 
identified in this work sheds light on the 
deleterious interplay between these arms 
during aging by linking cytotoxic CD4+ T cell 
accumulation to enhanced myelopoiesis, 
as well as showing it is pharmacologically 
modifiable, improving readouts of 
healthspan in old mice.” Hannah Walters, 
Senior Editor, Nature Aging.
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