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Age-related changes in theimmune system result in pronounced
vulnerability to acute infections and cancers, and in dysregulated

inflammation and wound healing that fuel many chronic diseases. Although
we understand much about some of these changes, gaps in mechanistic
knowledge remain, in part hindered by a lack of well-validated in vitro

models ofimmune aging. We propose that multidisciplinary approaches,
nucleated at the interface ofimmunology, gerontology and engineering,
have the potential to both bring substantial new knowledge, and to usher
anew era of precision diagnostics and therapeutics to reprogram and
rejuvenate immunity, potentiallyimproving the length and quality of life
in older adults. We outline areas to be addressed by this multidisciplinary
approach, focusing on the initiation of immune responses. We discuss the
potential for new approachesin drugdelivery, extracellular matrix and
related biomaterials, and in microphysiological and organoid systems, to
advance the science ofimmune aging.

Immune aging is adynamic field that is rapidly advancing'*. Here, we
outline the key defects that have been reported in the aging immune
system (Fig.1) and identify the remaining questions that would benefit
from new experimental and translational approaches toimprove health
and well-being of older adults.

From a functional standpoint, aging of the immune system con-
tributes to aging of the organism on at least two lifespan-altering and
healthspan-altering levels. First, mortality from acute, new (previ-
ously notencountered) infection increasesin alog-linear manner with
aging (logarithmic increase in mortality for every linear unit of lifes-
pan)° . Thisis predominantly due to the inability of older organisms to
mobilize timely, properly polarized and efficacious primary immune
responses (reviewed inref. 8). Theincidence of cancers also increases
with age, with >85% of cancers occurringin those older than 50 years,
and weakened immunity isa contributing factor’ ™. Although we under-
stand a great deal about these defects, we only have modest ways to

modulate, and almost nowaystoreliably delay or reverse, the detrimen-
tal changes of immune aging. Second, old naturally arising memory
Tcells”oradult T cells genetically manipulated to mimic certain DNA
repair or metabolic defects of aging™'* were shown to adversely affect
the function of tissues and organs upon adoptive transfer, up to and
including aging of the entire organism. These effects may occur via
paracrine or other, incompletely understood mechanisms? ™. Identi-
ties, mechanisms of generation and pathogenic influences exerted by
aged T cells (and possibly myeloid cells), as well as the possibilities for
their therapeutic removal, remain topics of intense research®.

From the standpoint of primary age-related changes in the
immune system, there are numerical declines in naive T and, subse-
quently, naive Blymphocytes (Fig.1; reviewed inref. 8). These cells, as
well as several types of myeloid cells including dendritic cells, also all
show discrete functional defects when examined in an aging organ-
ism®. However, careful examinationreveals that at least some of these
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Fig.1|Major age-related changes affecting innate and adaptive cells of the
immune system. a,b, Changes are shown for innate (a) and adaptive (b) cells

of theimmune system. Arrows denote decrease (pointing down) or increase
(pointing up) in numbers or indicated function. BCR, B cell receptor; BM, bone
marrow; cDCs, conventional dendritic cells; FRC, fibroblastic reticular cell; GC,
germinal centers; HSC, hematopoietic stem cell; IFN, interferon; LEC, lymphatic
endothelial cells of the lymph nodes; MHC-II, major histocompatibility complex
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class II; NETs, neutrophil extracellular traps; NK, natural killer cell; pDCs,
plasmacytoid dendritic cells; ROS, reactive oxygen species; sjTREC, signal-joint
T cell receptor recombination excision circles (also abbreviated as TREC); SLO,
secondary lymphoid organ; TCR, T cell antigen receptor; TEC, thymic epithelial
cells; TEMRA cells, T effector memory cells reexpressing CD45RA; T, follicular
helper T cell; TLR, Toll-like receptor.

cells (for example, naive T and B cells) may exhibit few cell-intrinsic
defects—upon adoptive transfers into a fully functional young envi-
ronment, they function on par with young adult cells"". By contrast,
highly differentiated memory lymphocytes are very long-lived cells,
with stem-like characteristics, and evenwhenterminally differentiated,
retain much of their antimicrobial functions''®, Although under the
extreme cases of constant and high-load antigenic stimulation (for
example, fulminant chronicinfections such as HCV and HIV), effector
and memory lymphocytes can become exhausted”. It appears that
less extreme antigenic encounters (including persistent, but lower
intensity and/or frequency of antigenic stimulation, for example, with
reactivating herpesviruses) do not lead to cellular senescence?*?.
This does not exclude the possibility that some age-related intrinsic
cell defects may exist in some of the lymphoid and myeloid popula-
tions. However, cellular senescence as a cell fate remainsincompletely
defined and understoodinlymphocytes andin cells of hematopoietic
origin in general. One reason for this is that lymphocytes are pro-
grammed to undergo intense proliferation and to simultaneously
induce telomerase, which protects their telomeres from attrition®.
Anotheristhat highly differentiated effector and/or effector memory
lymphocytes do not proliferate in response to antigenic stimulation,
but still perform immune defense functions such as cytokine secre-
tion and cytotoxicity, deep into the last years of life®. By both criteria,
the well-established replicative senescence characteristics found in

connective tissue cells (fibroblasts, adipocytes and others) do not
faithfully phenocopy onto lymphocytes.

Another prominent factor in aging of the immune system is the
extracellular environment where the cells of the immune system
undergo maintenance, activation and differentiation and where they
exert their effector functions. This environment can schematically
be divided into soluble factors and microenvironmental niches, and
bothare clearly altered by the process of aging. On the side of soluble
mediators, whichinclude cytokines, chemokines and hormones, there
isageneral dysregulation of homeostasis® that is often simplistically
and even misleadingly called ‘inflammaging’*. Although indeed most
older organisms at some point during aging exhibit a low-grade but
statistically (and biologically) significant increase in proinflammatory
mediators (interleukin (IL)-6, C-reactive protein, tumor necrosis factor
(TNF), IL-1B, soluble TNF receptors 1 and Il and others* %), the term
‘inflammaging’ fails to acknowledge that aging is also simultaneously
accompanied by a dysregulated ‘anti-inflammatory’ wound healing
response, with elevated transforming growth factor-f3, type 2 cytokines
and fibroticreactions across different organs and tissues*>*’. These, as
wellas other cellular changes affect the extracellular matrix (ECM) com-
position with aging®**'. Meanwhile, stromal cells of both primary®*>*
and secondary®~*” lymphoid organs, as well as in the target tissues
where immune cells operate to eradicate infection and cancer®*, are
increasingly recognized as prominent, and perhaps often decisive,
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drivers ofimmune dysfunction®**’, Because many cells in these spaces
are of mesenchymal or epithelial origin, signs of stereotypical cel-
lular senescence are easier to identify in these microenvironments.
These signs include replicative arrest, increased cellular p21 and p16
levels®>***, compromised mitochondrial function and an increase in
mitochondrial and cellular reactive oxygen species*, and frequent, but
notinvariable, alterations of the cellular secretome®**. Nonetheless,
both the full spectrum of changes and limits of plasticity and revers-
ibility of aging in these niches remain to be fully elucidated.

Immunoengineering and studies ofimmune aging
The above gapsin knowledge are being pursued by many approaches,
with single-cell and spatial multi-omics techniques leading the way.
Here we propose that the field of immunoengineering can provide
critical contributions to resolving the above questions. We argue that
targeted drug delivery, manipulation of microenvironments in vivo
and modeling of complex microenvironmentsinvitro (including of the
ECM) afford important complementary strategies to probe and correct
age-related defects. Immunoengineeringis arelatively young discipline
at the border of engineering and immunology***. Immunoengineers
combine engineering principles, technologies and techniques with
immunology to design more effectiveimmunomodulatory therapies.
Here we will discuss the potential of this discipline to both provide
mechanistic insights into some of the most difficult questions of the
basic immunology of aging, and provide the much-needed precision
in delivery ofimmunomodaulators, cellular immunotherapies and
targeted drug delivery to older adults. We discuss some prominent
examples where engineering can bring potential breakthroughs to
the science of immune aging.

Strategies toimprove vaccine efficacy via

tissue targeting

Immunomodulatory treatments have long been sought to eliminate
age-related vulnerability to infections and cancers. Vaccines are the
classic example, in which an adjuvant (an innate immune stimulant)
along withanantigen (usually a protein or anucleicacid from a patho-
gen) are administered to elicit a memory immune response that the
body can later use against the pathogen in question. Despite general
progressinimmunotherapy development, many vaccines are less effi-
caciousin older populations**. Toimprove uponimmunotherapeutic
efficacy and reduce side effects, immunoengineers have developed
methods totarget delivery of these treatments to secondary lymphoid
organs, where adaptive immunity is activated and immunological
memory formed (Fig. 2). Targeting lymphnodesin particular has been
shownto drastically enhance the effectiveness of vaccines and cancer
immunotherapies*®*’. One recent example is the nanoparticle-based
coronavirus disease 2019 mRNA vaccines that had unusually high
efficacy, potentially at least in part due to their lymph node target-
ing properties**°. Lymph node targeting is often achieved through
directinjectioninto the lymph node®, by targeting immune cells that
migrate to the lymph nodes®, by hijacking albumin circulation®*** or,
morerecently, by targeting lymphatic vessels that form the natural con-
duit between peripheral tissues and lymph nodes***”*>, To target lym-
phatic vessels, small,20-250-nm nanoparticles are optimal*®*’, and we
recently showed that nanoparticle surface chemistry isanother crucial
parameter that determines their transport into lymphatic vessels®°.
Such nanoparticles can be formulated to contain adjuvants, antigens
and otherimmune-targeting molecules that could, for example, guide
tissue homing of immune cells*”*,

Other immune tissues worth investigating as targets in aging
includelocalized tertiary tissues such as the various mucosa-associated
lymphoid tissues to stimulate rapid protective responses to pathogens
at the mucosal ports of entry, including strategies of parenteral vac-
cination that provide protective responses at other sites in the body.
Anumber of studies have sought to develop oral vaccines by targeting

Peyer’s patches and other gut-associated lymphoid tissues. Generally,
thisinvolves conjugating ligands to drugs or drug carriers to target M
cells, which transcytose materials to the underlying antigen-presenting
and lymphoid cells, thus boosting animmune response®. In this case,
carriers, like nanoparticles, that can encapsulate drugs have been
particularly effective, because they shield their drug cargo from diges-
tion in the harsh intestinal environment and are readily taken up by
antigen-presenting cells. Additionally, including specific motifs, such
asglycans®®, or homing ligands® can skew lymphocytes toward specific
types ofimmuneresponses and direct them to target tissues, whether
being delivered via intramuscular injection or oral administration.
These strategies might be of particular interest to improve vaccine
efficacyinolder adults.

Barriers toimmunomodulatory drug delivery to
thelymphnodesinaging

Aging affects tissues and organsin different ways, and although some
barrier tissues become more permeable (for example, the gastroin-
testinal tract), others, like the lymph nodes, become more fibrotic.
Drug delivery vehicles, particularly those routed through the paths
traditionally preferred by patients and clinical personnel alike (oral
tablets, intradermal or intramuscular injections), need to be designed
to account for alterations that occur in the structure of target tissues
with aging (Fig. 2). This includes fibrosis in skin tissue and muscle, as
well as loss of muscle mass that could affect vaccine transport. Addi-
tionally, mucosal barriers are altered in aging: in the lungs there is
reduced mucociliary clearance, which, although it increases the risk
of infection, may actually improve drug delivery, and in the gut there
isincreased permeability, which could facilitate systemic delivery of
immunomodulatory therapies. Targeting the lymph nodes via direct
injections, albumin hitchhiking and lymphatic transport remain attrac-
tive options*®*”*535* but lymph node tissues and lymphatic vessels
also change drastically during aging.

Aging modulates lymph node structure and function

Aging results in structural, cellular and functional changes in the
lymph nodes (Figs. 1and 2) including atrophy in size and disorgan-
ized structure®®®, Germinal centers, where B cells undergo somatic
hypermutation and where optimized, long-term humoral responses
are formed, are altered due to changes in antigen uptake and pro-
cessing capabilities by local follicular dendritic cells®***° and helper
T cell responses, including those by follicular helper T cells, are
impaired'®**"®, Furthermore, the key stromal cells that sustain lymph
node function, including the lymphatic endothelium, high endothelial
venules and the fibroblastic reticular cell network’7*, all change with
aging and have been shown to affectimmune cell maintenance®>">"7,
migration throughout the lymphnodes and production of chemokines
and cytokines'***’, as well as the initiation and propagation of adap-
tive immune responses'®***””>77, Understanding and targeting these
age-related changes may help us to design betterimmunomodulatory
treatments for older adults.

Aging affects lymphatic vessels

Lymphatic vasculature is also profoundly changed with aging. Lym-
phatic drainage declines with age, in part due to reduced lymphatic
vessel density and less effective transport by lymphatic collecting
vessels’””" %, Moreover, lymphatic endothelial cells are one of the
cell types prominently lost from old lymph nodes”’, a defect with
the potential to affect both antigen import and presentation in the
lymph nodes®*’, as well as the broader homeostasis of neighboring cell
types’>*, particularly the fibroblastic reticular cells and their network.
Experimentally, clearance of lymphatic tracer dyes wasimpaired after
intradermalinjectionsin old mice (18 months) compared to young mice
(2-3 months), and aged collecting vessels appear to exhibit increased
permeability and even leakage®, suggesting that lymphatic targeted
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drug delivery vehicles must be designed to prevent being leaked out
of the tissue. Aged lymphatic vessels also exhibit increased density in
the ECM, including collagen 1, and reduced pumping function®. All
these factors are highly likely to affect transport of antigens and cells,
including life-saving vaccines, across lymphatic vessels to the lymph
nodes, and to lymphatic endothelial and other cells and must be consid-
ered when designing effective drug delivery vehicles for older adults.

ECM-mimicking biomaterials to study and
modulate the aging immune system

The aging microenvironment has an increasingly recognized pivotal
role in determining immune function. The ECM is a vital component
of every tissue microenvironment as the complex scaffolding that
provides both structural support and signaling to the cells that reside
within it, including immune cells. There is accumulating evidence of
the dynamic relationship between the ECM®*® and immunity, and of

the age-related changes to the ECM that probably influence immune
function during homeostasis and disease® Biomaterial scaffolds are
porous, engineered constructs that replicate or mimic ECM cues, and
have tremendous opportunity toboth model aging immune cell behav-
ior and to modulate immune functionin biomedical applications such
aswound healing and cancer.

Age-related changes to ECM-immune interactions

TheECMisadiversearray of proteinand polysaccharide building blocks
thatare assembled into tissue-specific ratios and configurations to sup-
port tissue function. The ECM matrisome®®is incredibly complex and
consists of nearly 300 structural ECM proteins, in addition to several
hundred more ECM-associated proteins that bind or modify structure.
Thelow turnover of the ECMin tissues leads to memory of prior health
states asitisremodeled during aging, disease and environmental stress-
ors¥. Immune cells are sensitive to their ECM environment, and indeed

Nature Aging


http://www.nature.com/nataging

Perspective

https://doi.org/10.1038/s43587-026-01187-y

a Decellularization b
 —
L
. qu
s ]
Aged tissue Aged ECM B

Top-down ECM engineering using
decellularized tissues

Bottom-ECM engineering using
peptide-modified hydrogels
(adhesion, degradation and

000 growth signaling)

“—" Tunable mechanical crosslinks
“>—" Polymer backbone

sz=>< Collagens
Proteoglycans
©0® Glycosaminoglycans

DOOOC Age-related crosslink
ECM-sequestered growth factor

ECM mimicking peptides

Fig. 3| ECM-mimicking biomaterials using top-down decellularized aged
tissue and bottom-up hydrogel engineering approaches. a, A top-down
approachistoisolate intact aged ECM via decellularization of animal or

human cadaveric tissues. These matrices preserve the native architecture and
compositionincluding collagens, crosslinks, proteoglycans and polysaccharides
that are altered during aging. b, A bottom-up approach is tuned with hydrogel
properties and synthetic ECM-mimicking peptides to impart bioactivity. Fibrotic
progression can be modeled with the added crosslinking density. Peptides

can adjust the adhesion landscape, availability of matrix metalloproteinase-
degradable regions for migration and/or growth factor signaling.

many immune markers are ECM receptors that facilitate migration, like
CD44 on T cells and LYVE1 expressed by macrophages or lymphatic
endothelial cells, which arereceptors for the ECM polysaccharide hya-
luronicacid. The M2 macrophage marker CD206 binds collagen, as do
the myeloid cellintegrins CD11b and CD11¢*¢. These and other canoni-
cal ECM-bindingintegrins are upregulated with chemokine exposure,
driving migration® from the circulation into tissues. Immune cells also
directly modify their ECM environment. Macrophages and neutrophils
secrete proteolytic enzymes to degrade a path through the matrix®,
generate collagen precursors’ and signal to fibroblasts® to build
the matrix. Finally, many growth factors, cytokines and chemokines
depend on ECM binding to extend the half-life and receptor engage-
ment, with transforming growth factor-B** and IL-7 (refs. 94,95) being
notable examples. Theseinteractions are perturbed for some soluble
factors during aging—for example, ligand-binding ECM molecules
such as heparansulfate undergo age-related changesinboth structure
and abundance’’’; however, more research is needed in this area.
Biomaterial scaffolds should provide an opportunity to unravel and
control this complexity.

Decellularized tissues to study the aged ECM-immune
environment

Biomaterials composed of decellularized tissues are a top-down
approach to isolate immune-ECM interactions with age (Fig. 3).

Chemical and mechanical processes remove cells from human or ani-
mal tissues while minimally affecting the native ECM composition
during decellularization, and decellularized tissues have been used
as an immunomodulatory biomaterial implant for tissue repair’"",
Typically, the ECMis isolated from young adult animal sources, and
thus provides non-aged matrix signals to promote repair capacity.
Studies of decellularized ECM scaffolds from animals at different ages
have provided insights into how matrix age affectsimmune function.
Neonatal porcine smallintestine ECM exhibited enhanced growth fac-
tor binding'®, greater CD206" macrophage infiltration and reduced
scar tissue formation'®®> compared to mature ECM. Such examples
demonstrate a holistic ECM connection to immune aging. Aged ECM
isolated from animal tissues has been shown to influence muscle stem
cellfunction, but theserelatively few studies have not yet expanded to
immunomodulatory roles'**'®, Likewise, the effect of geriatric-aged
decellularized human ECM on immune function has yet to be investi-
gatedin depth. Onelikely challenge is that variability betweenindividu-
alshasthe potential toincrease with age, as a lifetime of environmental
and lifestyle differences accumulate. However, encouraging data were
recently published demonstrating that significant compositional alter-
ations to matrix-related proteins were shared between individuals;
the authors concluded that age-related inflammation may be the key
driver of ECM remodeling®.

Engineered scaffolds to mimic aged ECM

Polymer scaffolds can be engineered with a defined set of ECM-
mimicking cues to replicate age-related changes. Although ECM com-
position in an engineered scaffold is not as comprehensive as that in
decellularized tissues, this bottom-up approach offers the opportunity
to isolate the mechanistic roles of individual ECM components and
structures. Photolithography and patterning of ECM molecules have
shown that adhesion density and shape affect macrophage response
to immune signaling'®. Modular polymeric three-dimensional (3D)
platforms (Fig. 3) allow tunable crosslinking density and thus customiz-
able mechanics, and agrowing library of ECM-mimicking peptides'*'%®
that include adhesion sites (such as the fibronectin peptide RGD and
its derivatives), matrix metalloproteinase-specific degradation sites
and growth factor-mimicking peptides. These ECM peptides have been
shown to modulate macrophage homing and phenotype in vitro and
invivo'*’, ECM polysaccharides like hyaluronic acid are similarly ame-
nable to hydrogel formation and tunability"®", and naturally occur
in high concentrations in certain tissues like the brain. Purified type
I collagen hydrogel glycation models may be an excellent model of
aging-related crosslinking. Advanced glycation end products accu-
mulate during aging, are recognized by immune receptors, and are
responsible for tissue stiffening by collagen crosslinking, which canbe
replicated under in vitro conditions as a natural aging mechanism of
ECMstiffening"2 Therole of this stiffening in processes such as initial
microbial detection in tissues and the initiation of adaptive immune
responses in lymph nodes could be studied by the above approaches.

Invitro modeling of aged immune tissues in MPSs

Studies of immune function in humans are most commonly limited
to analysis of blood-derived cells or, less frequently, of biopsied tis-
sues'. These sampling constraints make it difficult to study dynamic
tissue-level functionsin humans;instead, they are traditionally studied
inanimal models such as mice. Although a great deal has been learned
fromanimal models, species differencesininnate and adaptive immu-
nity may be one reason that drugs and vaccines developed in mouse
models often fail when translated to humans™. Furthermore, animal
models cannot recapitulate the diversity of human experience, such as
the effects of genetic polymorphisms and geneticinheritance from mul-
tiple ancestral groups, a lifetime of prior antigen exposure, nutrition,
environmental stressors (physical, chemical and psychosocial) and
combinations of comorbidities that are frequentin older populations.
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For these reasons, microphysiological systems (MPSs) have
emerged tomodel human tissue function, most commonly in the form
of complex 3D cultures, organoids and organs-on-chip™"® (Fig. 4).
MPSs offer abottom-up approach to recapitulate specific features of
cell-cell and cell-ECM interactions, as well as the effect of physical
aspects such as spatial organization, fluid flow and mechanical forces™®
(Fig.4). Currently, the best-developed MPS models are those of nonim-
mune tissues such as liver, kidney, heart, lung, vasculature, brain and
gut. State-of-the-art ‘immune-competent’ models of these tissues
now include monocytes, macrophages or neutrophils, or occasionally
T cells, but rarely integrate true adaptive immune function"”", For
models of primary and secondary lymphoid tissues, early progress was
made in the late2000s, followed by a major recent surge that incorpo-
rates advancesin ECM engineering, organoid culture, microfluidics and
micropatterning into lymphoid and bone marrow models (reviewed in
ref. 119). For example, advanced organoids and lymphoid MPSs have
been developed to predict human memory antibody and cytokine
responses to booster vaccinations with influenza and other common
viruses'?*'?, These systems typically incorporate high-density mix-
tures of lymphocytes sourced fromblood or tonsils, allowing them to
self-organize in 3D culture, sometimes with additional physical cues
such as fluid flow. Ex vivo lymphoid tissue slices from tonsils or other
sites have long been used to predict response to infection, booster
vaccination and metastasis; these explant cultures provide the full
structure of the tissue found in vivo, including the ECM™**'%%, Predict-
ing the de novo immune response to novel antigens has not yet been
conclusively demonstrated and remains afocus of major effortinmany
laboratories. For example, we recently established a 3D-cultured MPS
model of antibody responses (IgM) starting from naive lymphocytes,
made possible by using a superantigen®’; work to predict the response
to vaccine antigens isongoing.

As advanced MPS models of immune function have only
recently emerged, their application to immune aging remains mostly

unexplored.Infact, agingis only recently incorporated evenintonon-
immune organoids and organs-on-chip such as heart, vasculature
and brain™°"', Nevertheless, some notable early progress has been
made. For example, an engineered system called MIMIC (modular
immune in vitro construct) used structured, multistep cultures of
peripheral blood mononuclear cells (PBMCs) from young adult or
aged donors to replicate the reduced IgG production observed in
aged adults and to quantify changesin antigen-specific T cell cytokine
secretion”'*?, In contrast to this age-related decline, fibroblastic
reticular cells from tonsils of aged and pediatric donors were equally
able to support T cell viability and maintenance of naive phenotypes
in 3D co-cultures™. Similarly, the initial innate immune response to
the adjuvant ASO1 was independent of donor age inan ex vivo culture
of human axillary lymph node slices, potentially consistent with the
superior efficacy of ASOl-adjuvanted vaccinesin older populations™*.
In another example outside lymphoid tissue, monocytes from aged
donorsinfiltrated atgreater rates than those from young adult donors
into brain organoids and generated a greater inflammatory response
in the brain'. These early examples show the potential to combine
models ofimmunity and aging together, although there remains much
work todo.

One challenge to MPS models of aging is cell sourcing, as rep-
licating cell-intrinsic effects of aging usually requires aged donors.
Tonsil samples provide good access to a variety of cell types, includ-
ing from middle-aged adults, but less often from older adults. On the
other hand, PBMCs can be readily sourced from donors across nearly
all ages. However, more infrastructure is needed to ensure that data
on donor age (as well as other demographic variables such as sex
and race) is collected and included in publications not specifically
focused on these variables. Finally, for models based on induced
pluripotent stem cells, it is possible to generate them from PBMCs of
older donors, although epigenetic signatures of age may disappear

with extended passaging'.
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BOX1

Summary of priority
recommendations for studies
using immunoengineering

to address unresolved

issues of immune aging at
the basic, translational and
interventional levels

e Targeted immunomodulatory molecule delivery to the
components of older immune system (via nanobodies,
nanoparticles and so on) to reduce local inflammation, restore
function and/or improve vaccine efficacy

e Targeting senolytics, senomorphics and so on to specific
dysfunctional or exhausted cells of the older immune system

e Overcoming increased ECM barriers that prevent access of
therapeutics to immune cells or environments, and/or of cell
therapies to tissues

e Reducing side effects of immunotherapies that are often
exacerbated in older populations with inflammation-targeted
biomaterials

¢ Use of biomaterial scaffolds with controlled ECM composition
to enhance wound healing, reduce fibrosis, promote immune
tissue and organ regeneration and improve cancer (immuno)
therapy outcomes

o High-throughput MPS systems to mix and match different
immune cell types, ECM and soluble mediators to mimic
different combinations of heterochronic conditions and
dissociate the complex effects of whole organism aging

o Study the above models in a longitudinal manner with human
cellular and molecular components to provide preclinical basis
for intervention trials

Future directions to (re)engineerimmune aging
Insummary, we see major opportunities to (re)engineerimmune aging
for both discovery and therapeutic purposes (Box 1).

In recent years, targeted immunomodulatory drug delivery has
become increasingly popular, and much of the work has focused on
improving cancerimmunotherapy, both from the perspective of reduc-
ing side effects and enhancing drug efficacy. Notable opportunities
existintransplantimmunology'”, osteoimmunology™*® and other fields
aswell. Unfortunately, most current treatments are not designed with
age-related changes toimmunity in mind. Considering the existing gap
inpracticeand the projectedincrease in the global population aged 65
years or older to 1.6 billion by 2050 (refs. 139,140), immunoengineer-
ing should (re)think new strategies for several germane problems.
Specifically, targeting exhausted or dysfunctionalimmune cells, over-
comingincreased ECM barriers that prevent access toimmune cells by
therapies and reducing side effects of immunotherapies that are often
exacerbated in older populations are direly needed (Box 1). Another
important consideration is how dysregulated soluble mediator net-
works with aging will affect delivery of immunomodulatory drugs
and how this low-grade inflammation could be targeted and reduced
aswellas harnessed forimproving, for example, vaccine effectiveness
in older adults (Box 1).

Another important opportunity for exploration is the use of
biomaterial scaffolds, particularly those leveraging ECM-mimicking
properties for tissue repair and drug delivery applications. Senescent
cellfrequencyincreases with age, and some senescent cells secrete an
immunomodulatory milieu that affects numerous biologic proper-
ties, including the response to ECM scaffolds and polymeric materials
invivo'. Similar to the principles of vaccine delivery, targeted delivery
of senolytic and senomorphic drugs to specificimmune and/or stro-
mal components of lymphoid and other tissues has the potential to
improve tissue function and immunity while minimizing side effects.
Cancer is an age-related disease, with the majority of cases occurring
after 60 years of age''*>. Higher collagen and fibronectin density is
correlated with reduced T cell infiltration, reducing the efficacy of
cancer immunotherapy in many tumor types'*, although improved
checkpoint immunotherapy responsiveness is observed in others®.
Furthermore, disrupting ECM-immune interactions has a precedent
in modulating the tumor microenvironment'**, which may provide
insightsinto reversing age-dependent effects as well. Therefore, tumor
immunity and immunotherapy have much to benefit from studies of
the ECMin the aging tumor microenvironment (Box 1).

New in vitro models of human aging would greatly facilitate the
necessary studies of mechanisms of aging and tests of the efficacy and
toxicity of new therapies. In addition to comparing the function of
youngand old cells as described above, MPSs offer an exciting oppor-
tunity to decouple the effect of the local microenvironment from
lymphocyte age, and to isolate the effects of aging in each cell type, in
amanner thatisimpossiblein humans and challenging evenin animal
models. Itis straightforward to mix and match young and aged cellsin
an MPS to determine which cell type(s) drive the aging phenotype'>.
Furthermore, MPS systems can readily incorporate variations in ECM
stiffness and fibrosis, as well as alterations in density or permeability of
vasculature. As such capabilities are extremely well established in the
biomaterials and 3D culture fields, they areripe for applicationto aging
research. Indeed, webelieve that combining the approaches and areas
we have outlined above, the field would be likely to gain incisive insights
into the biology of aging difficult to examine in humans. Inits ultimate
and fully developed iteration, one could envision high-throughput MPS
systems inwhich not only different cell types, butalso ECM and soluble
mediators are mixed and matched to mimic different combinations
of heterochronic conditions. Moreover, such models would provide
atractable system to dissect primary, secondary and compensatory
age-related changes in theimmune system (Box 1). These approaches
have the potential to revolutionize the knowledge on mechanisms
of microenvironmental control over immune function in a human
tissue-like environment with aging.

Finally, it is important to mention that there is a dearth of clini-
cal trials in older adults using any of the above approaches. This then
remains akey frontier, and longitudinal preclinical and clinical studies
are urgently needed to pave the way for such interventional trials.

References

1. Mogilenko, D. A., Shchukina, I. & Artyomov, M. N. Immune ageing
at single-cell resolution. Nat. Rev. Immunol. 22, 484-498 (2022).

2. Wrona, M. V., Ghosh, R., Coll, K., Chun, C. & Yousefzadeh, M. J. The
3 I's of immunity and aging: immunosenescence, inflammaging,
and immune resilience. Front. Aging 5, 1490302 (2024).

3. Bracken, O.V., De Maeyer, R. P. H. & Akbar, A. N. Enhancing
immunity during ageing by targeting interactions within the tissue
environment. Nat. Rev. Drug Discov. 24, 300-315 (2025).

4. Shchukina, ., Bohacova, P. & Artyomov, M. N. T cell control of
inflammaging. Semin. Immunol. 70, 101818 (2023).

5. Abel, L. & Casanova, J. L. Human determinants of age-dependent
patterns of death from infection. Immunity 57, 1457-1465 (2024).

6. Bender, B. S. Infectious disease risk in the elderly. Immunol.
Allergy Clin. North Am. 23, 57-64 (2003).

Nature Aging


http://www.nature.com/nataging

Perspective

https://doi.org/10.1038/s43587-026-01187-y

10.

mn

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Meyer, K. C. Lung infections and aging. Ageing Res. Rev. 3, 55-67
(2004).

Nikolich-Zugich, J. The twilight of immunity: emerging concepts
in aging of the immune system. Nat. Immunol. 19, 10-19 (2018).
Carey, A. E. & Weeraratna, A. T. Entering the TIME machine: how
age-related changes in the tumor immune microenvironment
impact melanoma progression and therapy response. Pharmacol.
Ther. 262, 108698 (2024).

Chhabra, Y. et al. Sex-dependent effects in the aged melanoma
tumor microenvironment influence invasion and resistance to
targeted therapy. Cell 187, 6016-6034 (2024).

Havas, A., Yin, S. & Adames, P. D. The role of aging in cancer.

Mol. Oncol. 16, 3213-3219 (2022).

Mogilenko, D. A. et al. Comprehensive profiling of an aging
immune system reveals clonal GZMK' CD8" T cells as conserved
hallmark of inflammaging. Immunity 54, 99-115 (2021).
Desdin-Mico, G. et al. T cells with dysfunctional mitochondria
induce multimorbidity and premature senescence. Science 368,
1371-1376 (2020).

Yousefzadeh, M. J. et al. An aged immune system drives senescence
and ageing of solid organs. Nature 594, 100-105 (2021).

Jergovic, M., Thompson, H. L., Renkema, K. R., Smithey, M. J. &
Nikolich-Zugich, J. Defective transcriptional programming of
effector CD8 T cells in aged mice is cell-extrinsic and can be
corrected by administration of IL-12 and IL-18. Front. Immunol. 10,
2206 (2019).

Silva-Cayetano, A. et al. Spatial dysregulation of T follicular
helper cells impairs vaccine responses in aging. Nat. Immunol.
24, 1124-1137 (2023).

Masopust, D., Vezys, V., Wherry, E. J. & Ahmed, R. A brief history of
CD8 T cells. Eur. J. Immunol. 37,103-110 (2007).

Ahmed, R. & Gray, D. Immunological memory and protective
immunity: understanding their relation. Science 272, 54-60 (1996).
Wherry, E. J. et al. Molecular signature of CD8" T cell exhaustion
during chronic viral infection. Immunity 27, 670-684 (2007).
Cicin-Sain, L. et al. Cytomegalovirus-specific T cell immunity is
maintained in immunosenescent rhesus macaques. J. Immunol.
187, 1722-1732 (2011).

Lelic, A. et al. The polyfunctionality of human memory CD8*

T cells elicited by acute and chronic virus infections is not
influenced by age. PLoS Pathog. 8, e1003076 (2012).

Hodes, R. J., Hathcock, K. S. & Weng, N. P. Telomeres in T and B
cells. Nat. Rev. Immunol. 2, 699-706 (2002).

Ferrucci, L. et al. The origins of age-related pro-inflammatory
state. Blood 105, 2294-2299 (2004).

Franceschi, C. & Campisi, J. Chronic inflammation (inflammaging)
and its potential contribution to age-associated diseases.

J. Gerontol. A Biol. Sci. Med. Sci. 69, S4-S9 (2014).

Hadley, E. C. et al. Corrigendum to: Report: NIA workshop on
measures of physiologic resiliencies in human aging. J. Gerontol.
A Biol. Sci. Med. Sci. 73, 995 (2018).

Di lorio, A. et al. Markers of inflammation, vitamin E and peripheral
nervous system function: the INCHIANTI study. Neurobiol. Aging
27,1280-1288 (2006).

Maggio, M., Guralnik, J. M., Longo, D. L. & Ferrucci, L. Interleukin-6
in aging and chronic disease: a magnificent pathway. J. Gerontol.
A Biol. Sci. Med. Sci. 61, 575-584 (2006).

Ueha, S., Shand, F. H. & Matsushima, K. Cellular and molecular
mechanisms of chronic inflammation-associated organ fibrosis.
Front. Immunol. 3, 71 (2012).

Wick, G. et al. The immunology of fibrosis: innate and adaptive
responses. Trends Immunol. 31, 110-119 (2010).

Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J. & Kirkland, J. L.
Cellular senescence and the senescent secretory phenotype:
therapeutic opportunities. J. Clin. Invest. 123, 966-972 (2013).

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a1.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Campisi, J. Senescent cells, tumor suppression, and organismal
aging: good citizens, bad neighbors. Cell 120, 513-522 (2005).
Bryson, J. L. et al. Cell-autonomous defects in thymic epithelial
cells disrupt endothelial-perivascular cell interactions in the
mouse thymus. PLoS ONE 8, e65196 (2013).

Chen, L., Xiao, S. & Manley, N. R. Foxn1is required to maintain
the postnatal thymic microenvironment in a dosage-sensitive
manner. Blood 113, 567-574 (2009).

Dorshkind, K., Hofer, T., Montecino-Rodriguez, E., Pioli, P. D. &
Rodewald, H. R. Do haematopoietic stem cells age? Nat. Rev.
Immunol. 20, 196-202 (2020).

Becklund, B. R. et al. The aged lymphoid tissue environment fails
to support naive T cell homeostasis. Sci. Rep. 6, 30842 (2016).
Richner, J. M. et al. Age-dependent cell trafficking defects in
draining lymph nodes impair adaptive immunity and control of
West Nile Virus infection. PLoS Pathog. 11, e1005027 (2015).
Thompson, H. L. et al. Lymph nodes as barriers to T-cell
rejuvenation in aging mice and nonhuman primates. Aging Cell
18, 12865 (2019).

Hakim, F. T., Flomerfelt, F. A., Boyiadzis, M. & Gress, R. E. Aging,
immunity and cancer. Curr. Opin. Immunol. 16, 151-156 (2004).
Sonar, S. A., Watanabe, M. & Nikolich, J. Z. Disorganization of
secondary lymphoid organs and dyscoordination of chemokine
secretion as key contributors to immune aging. Semin. Immunol.
70, 101835 (2023).

Xiong, J., Guo, Q. & Luo, X. Cellular senescence in age-related
musculoskeletal diseases. Front. Med. https://doi.org/10.1007/
s11684-025-1125-7 (2025).

Campisi, J. & Robert, L. Cell senescence: role in aging and
age-related diseases. Interdiscip. Top. Gerontol. 39, 45-61(2014).
Miwa, S., Kashyap, S., Chini, E. & von Zglinicki, T. Mitochondrial
dysfunction in cell senescence and aging. J. Clin. Invest.
https://doi.org/10.1172/JCI158447 (2022).

Green, J. ). Immunoengineering has arrived. J. Biomed. Mater. Res.
A 109, 397-403 (2021).

Hubbell, J. A. Immunoengineering a future of molecular, material,
and cellular therapeutics. J. Immunol. 212, 167-168 (2024).
Chen, J., Deng, J. C. & Goldstein, D. R. How aging impacts vaccine
efficacy: known molecular and cellular mechanisms and future
directions. Trends Mol. Med. 28, 1100-1111 (2022).

Maisel, K., McClain, C. A., Bogseth, A. & Thomas, S. N.
Nanotechnologies for physiology-informed drug delivery to

the lymphatic system. Annu. Rev. Biomed. Eng. https://doi.
org/10.1146/annurev-bioeng-092222-034906 (2023).

Maisel, K., Sasso, M. S., Potin, L. & Swartz, M. A. Exploiting
lymphatic vessels for immunomodaulation: rationale,
opportunities, and challenges. Adv. Drug Deliv. Rev. 114, 43-59
(2017).

Miyasaka, M. The lymphatic system and COVID-19 vaccines.
Front. Immunol. 13, 1041025 (2022).

Polack, F. P. et al. Safety and efficacy of the BNT162b2 mRNA
COVID-19 vaccine. N. Engl. J. Med. 383, 2603-2615 (2020).
Baden, L. R. et al. Efficacy and safety of the mRNA-1273
SARS-CoV-2 vaccine. N. Engl. J. Med. 384, 403-416 (2021).
Jewell, C. M., Lépez, S. C. & Irving, D. J. In situ engineering of

the lymph node microenvironment via intranodal injection of
adjuvant-releasing polymer particles. Proc. Natl Acad. Sci. USA
108, 15745-15750 (2011).

Zhou, L. et al. Dendritic cell-hitchhiking in vivo for vaccine
delivery to lymph nodes. Adv. Sci. 11, 2402199 (2024).
Abdallah, M. et al. Lymphatic targeting by albumin-hitchhiking:
applications and optimisation. J. Control. Release 327, 117-128
(2020).

Liu, H. et al. Structure-based programming of lymph-node
targeting in molecular vaccines. Nature 507, 519-522 (2014).

Nature Aging


http://www.nature.com/nataging
https://doi.org/10.1007/s11684-025-1125-7
https://doi.org/10.1007/s11684-025-1125-7
https://doi.org/10.1172/JCI158447
https://doi.org/10.1172/JCI158447
https://doi.org/10.1146/annurev-bioeng-092222-034906
https://doi.org/10.1146/annurev-bioeng-092222-034906

Perspective

https://doi.org/10.1038/s43587-026-01187-y

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

McCright, J., Yarmovsky, J. & Maisel, K. Para- and transcellular
transport kinetics of nanoparticles across lymphatic endothelial
cells. Mol. Pharm. 21, 1160-1169 (2024).

McCright, J., Skeen, C., Yarmovsky, J. & Maisel, K. Nanoparticles
with dense poly(ethylene glycol) coatings with near neutral
charge are maximally transported across lymphatics and to

the lymph nodes. Acta Biomater. https://doi.org/10.1016/
j.actbio.2022.03.054 (2022).

Xu, Y. et al. In vivo generation of gut-homing regulatory T cells for
the suppression of colitis. J. Immunol. 202, 3447-3457 (2019).

Li, A. V. et al. Generation of effector memory T cell-based mucosal
and systemic immunity with pulmonary nanoparticle vaccination.
Sci. Transl. Med. 5, 204ra130 (2013).

Lee, Y., Kamada, N. & Moon, J. J. Oral nanomedicine for
modulating immunity, intestinal barrier functions, and gut
microbiome. Adv. Drug Deliv. Rev. 179, 114021 (2021).

Cao, S. et al. Glycosylation-modified antigens as a tolerance-
inducing vaccine platform prevent anaphylaxis in a pre-clinical
model of food allergy. Cell Rep. Med. 5, 101346 (2024).

Tremain, A. C. et al. Synthetically glycosylated antigens for the
antigen-specific suppression of established immune responses.
Nat. Biomed. Eng. 7, 1142-1155 (2023).

Luscieti, P., Hubschmid, T., Cottier, H., Hess, M. W. & Sobin, L. H.
Human lymph node morphology as a function of age and site.

J. Clin. Pathol. 33, 454-461(1980).

Pan, W. R., Suami, H. & Taylor, G. I. Senile changes in human
lymph nodes. Lymphat. Res. Biol. 6, 77-83 (2008).

Aydar, Y., Balogh, P., Tew, J. G. & Szakal, A. K. Altered regulation
of Fc gamma RIl on aged follicular dendritic cells correlates with
immunoreceptor tyrosine-based inhibition motif signaling in B
cells and reduced germinal center formation. J. Immunol. 171,
5975-5987 (2003).

Aydar, Y., Balogh, P., Tew, J. G. & Szakal, A. K. Age-related
depression of FDC accessory functions and CD21
ligand-mediated repair of co-stimulation. Eur. J. Immunol. 32,
2817-2826 (2002).

Haynes, L., Eaton, S. M. & Swain, S. L. Effect of age on naive

CD4 responses: impact on effector generation and memory
development. Springer Semin. Immunopathol. 24, 53-60 (2002).
Frasca, D. et al. Aging down-regulates the transcription factor
E2A, activation-induced cytidine deaminase, and Ig class switch
in human B cells. J. Immunol. 180, 5283-5290 (2008).

Frasca, D., Van der Put, E., Riley, R. L. & Blomberg, B. B. Reduced
Ig class switch in aged mice correlates with decreased E47 and
activation-induced cytidine deaminase. J. Immunol. 172, 2155~
2162 (2004).

Foster, W. S., Marcial-Juarez, E. & Linterman, M. A. The cellular
factors that impair the germinal center in advanced age. J.
Immunol. https://doi.org/10.1093/jimmun/vkae039 (2025).
Novkovic, M., Onder, L., Bocharov, G. & Ludewig, B. Topological
structure and robustness of the lymph node conduit system.

Cell Rep. 30, 893-904 (2020).

Onder, L. et al. IL-7-producing stromal cells are critical for lymph
node remodeling. Blood 120, 4675-4683 (2012).

Krishnamurty, A. T. & Turley, S. J. Lymph node stromal cells:
cartographers of the immune system. Nat. Immunol. 21, 369-380
(2020).

Siegert, S. & Luther, S. A. Positive and negative regulation of

T cell responses by fibroblastic reticular cells within paracortical
regions of lymph nodes. Front. Immunol. 3, 285 (2012).

Link, A. et al. Fibroblastic reticular cells in lymph nodes regulate the
homeostasis of naive T cells. Nat. Immunol. 8, 1255-1265 (2007).
Masters, A. R. et al. Assessment of lymph node stromal cells as an
underlying factor in age-related immune impairment. J. Gerontol.
A Biol. Sci. Med. Sci. 74,1734-1743 (2019).

76.

77.

78.

79.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Masters, A. R., Jellison, E. R., Puddington, L., Khanna, K. M. &
Haynes, L. Attrition of T cell zone fibroblastic reticular cell number
and function in aged spleens. Immunohorizons 2,155-163 (2018).
Sonar, S. A. et al. Early age-related atrophy of cutaneous lymph
nodes precipitates an early functional decline in skin immunity in
mice with aging. Proc. Natl Acad. Sci. USA 119, 2121028119 (2022).
Kwok, T. et al. Age-associated changes to lymph node fibroblastic
reticular cells. Front. Aging 3, 838943 (2022).

Karaman, S. et al. Decline of lymphatic vessel density and function
in murine skin during aging. Angiogenesis 18, 489-498 (2015).

. Zolla, V. et al. Aging-related anatomical and biochemical changes

in lymphatic collectors impair lymph transport, fluid homeostasis,
and pathogen clearance. Aging Cell 14, 582-594 (2015).

Kataru, R. P. et al. Structural and functional changes in aged skin
lymphatic vessels. Front. Aging 3, 864860 (2022).

Piao, W. et al. Regulatory T cell and endothelial cell crosstalk. Nat.
Rev. Immunol. https://doi.org/10.1038/s41577-025-01149-2 (2025).
Yin, N. et al. Targeting lymphangiogenesis after islet
transplantation prolongs islet allograft survival. Transplantation
92, 25-30 (2011).

Pikor, N. B., Cheng, H. W., Onder, L. & Ludewig, B. Development
and immunological function of lymph node stromal cells.

J. Immunol. 206, 257-263 (2021).

Harper, E. |. & Weeraratna, A. T. A wrinkle in TIME: how changes

in the aging ECM drive the remodeling of the tumor immune
microenvironment. Cancer Discov. 13, 1973-1981 (2023).

Naba, A. et al. The matrisome: in silico definition and in vivo
characterization by proteomics of normal and tumor extracellular
matrices. Mol. Cell. Proteomics 11, M111.014647 (2012).

McCabe, M. C. et al. Alterations in extracellular matrix
composition during aging and photoaging of the skin. Matrix Biol.
Plus 8,100041(2020).

Fischer, A. et al. Neutrophils direct preexisting matrix to initiate
repair in damaged tissues. Nat. Immunol. 23, 518-531(2022).
Laudanna, C., Kim, J. Y., Constantin, G. & Butcher, E. Rapid
leukocyte integrin activation by chemokines. Immunol. Rev. 186,
37-46 (2002).

Madsen, D. H. et al. M2-like macrophages are responsible for
collagen degradation through a mannose receptor-mediated
pathway. J. Cell Biol. 202, 951-966 (2013).

Rath, M., Muller, I., Kropf, P., Closs, E. |. & Munder, M. Metabolism
via arginase or nitric oxide synthase: two competing arginine
pathways in macrophages. Front. Immunol. 5, 532 (2014).
Witherel, C. E. et al. Regulation of extracellular matrix assembly
and structure by hybrid M1/M2 macrophages. Biomaterials 269,
120667 (2021).

Hinz, B. The extracellular matrix and transforming growth
factor-beta?: tale of a strained relationship. Matrix Biol. 47, 54-65
(2015).

Winer, H. et al. IL-7: comprehensive review. Cytokine 160, 156049
(2022).

Ortiz Franyuti, D., Mitsi, M. & Vogel, V. Mechanical stretching of
fibronectin fibers upregulates binding of interleukin-7. Nano Lett.
18, 15-25 (2018).

Huynh, M. B. et al. Age-related changes in rat myocardium involve
altered capacities of glycosaminoglycans to potentiate growth
factor functions and heparan sulfate-altered sulfation. J. Biol.
Chem. 287, 11363-11373 (2012).

Williamson, K. A. et al. Age-related impairment of endothelial
progenitor cell migration correlates with structural alterations of
heparan sulfate proteoglycans. Aging Cell 12, 139-147 (2013).

. Badylak, S.F., Valentin, J. E., Ravindra, A. K., McCabe, G. P. &

Stewart-Akers, A. M. Macrophage phenotype as a determinant
of biologic scaffold remodeling. Tissue Eng. Part A 14, 1835-1842
(2008).

Nature Aging


http://www.nature.com/nataging
https://doi.org/10.1016/j.actbio.2022.03.054
https://doi.org/10.1016/j.actbio.2022.03.054
https://doi.org/10.1093/jimmun/vkae039
https://doi.org/10.1038/s41577-025-01149-2

Perspective

https://doi.org/10.1038/s43587-026-01187-y

99. Sadtler, K. et al. Developing a pro-regenerative biomaterial
scaffold microenvironment requires T helper 2 cells. Science 352,
366-370 (2016).

100. Wolf, M. T. et al. Macrophage polarization in response to ECM
coated polypropylene mesh. Biomaterials 35, 6838-6849 (2014).

101. Spang, M. T. et al. Intravascularly infused extracellular matrix
as a biomaterial for targeting and treating inflamed tissues.

Nat. Biomed. Eng. 7, 94-109 (2023).

102. Tottey, S. et al. The effect of source animal age upon
extracellular matrix scaffold properties. Biomaterials 32, 128-136
(2011).

108. Sicari, B. M. et al. The effect of source animal age upon the in vivo
remodeling characteristics of an extracellular matrix scaffold.
Biomaterials 33, 5524-5533 (2012).

104. Stearns-Reider, K. M. et al. Aging of the skeletal muscle
extracellular matrix drives a stem cell fibrogenic conversion.
Aging Cell 16, 518-528 (2017).

105. Schuler, S. C. et al. Extensive remodeling of the extracellular
matrix during aging contributes to age-dependent impairments
of muscle stem cell functionality. Cell Rep. 35, 109223
(2021).

106. Williams, C., Quinn, K. P., Georgakoudi, I. & Black, L. D. Ill Young
developmental age cardiac extracellular matrix promotes the
expansion of neonatal cardiomyocytes in vitro. Acta Biomater. 10,
194-204 (2014).

107. Jansen, L. E. et al. A poly(ethylene glycol) three-dimensional bone
marrow hydrogel. Biomaterials 280, 121270 (2022).

108. Ligorio, C. & Mata, A. Synthetic extracellular matrices with
function-encoding peptides. Nat. Rev. Bioeng. https://doi.org/
10.1038/s44222-023-00055-3 (2023).

109. Fernandez-Yague, M. A. et al. Analyzing immune response to
engineered hydrogels by hierarchical clustering of inflammatory
cell subsets. Sci. Adv. 8, eabd8056 (2022).

110. Lam, J., Truong, N. F. & Segura, T. Design of cell-matrix
interactions in hyaluronic acid hydrogel scaffolds. Acta Biomater.
10, 1571-1580 (2014).

M. Jha, A. & Moore, E. Collagen-derived peptide, DGEA, inhibits
pro-inflammatory macrophages in biofunctional hydrogels.

J. Mater. Res. 37, 77-87 (2022).

112. Roy, R., Boskey, A. & Bonassar, L. J. Processing of type | collagen
gels using nonenzymatic glycation. J. Biomed. Mater. Res. A 93,
843-851(2010).

113. Davis, M. M. A prescription for human immunology. Immunity 29,
835 (2008).

114. Leist, M. & Hartung, T. Inflammatory findings on species
extrapolations: humans are definitely no 70-kg mice. ALTEX 30,
227-230 (2013).

115. Schmeisser, S. et al. New approach methodologies in human
regulatory toxicology - not if, but how and when!. Environ. Int.
178,108082 (2023).

116. Low, L. A., Mummery, C., Berridge, B. R., Austin, C. P. & Tagle, D. A.
Organs-on-chips: into the next decade. Nat. Rev. Drug Discov. 20,
345-361(2021).

17. Hammel, J. H., Cook, S. R., Belanger, M. C., Munson, J. M. &
Pompano, R. R. Modeling immunity in vitro: slices, chips,
and engineered tissues. Annu. Rev. Biomed. Eng. https://doi.
org/10.1146/annurev-bioeng-082420-124920 (2021).

18. Hammel, J. H., Zatorski, J. M., Cook, S. R., Pompano, R. R. &
Munson, J. M. Engineering in vitro immune-competent tissue
models for testing and evaluation of therapeutics. Adv. Drug Deliv.
Rev. 182, 114111 (2022).

119. Ozulumba, T., Montalbine, A. N., Ortiz-Cardenas, J. E. &
Pompano, R. R. New tools for immunologists: models of lymph
node function from cells to tissues. Front. Immunol. 14, 1183286
(2023).

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Byers, A. M., Tapia, T. M., Sassano, E. R. & Wittman, V.

In vitro antibody response to tetanus in the MIMIC system is a
representative measure of vaccine immunogenicity. Biologicals
37,148-151(2009).

Wagar, L. E. et al. Modeling human adaptive immune responses
with tonsil organoids. Nat. Med. 27, 125-135 (2021).

Goyal, G. et al. Ectopic lymphoid follicle formation and human
seasonal influenza vaccination responses recapitulated in an
organ-on-a-chip. Adv. Sci. 9, e2103241(2022).

Zhong, Z. et al. Human immune organoids to decode B cell
response in healthy donors and patients with lymphoma. Nat.
Mater. https://doi.org/10.1038/s41563-024-02037-1(2024).
Glushakova, S., Baibakov, B., Margolis, L. B. & Zimmerberg,

J. Infection of human tonsil histocultures: a model for HIV
pathogenesis. Nat. Med. 1, 1320-1322 (1995).

Bonaiti, E. et al. Tonsil explants as a human in vitro model to study
vaccine responses. Front. Immunol. 15, 1425455 (2024).
Fergusson, J. R. et al. Ex vivo model of functioning human lymph
node reveals role for innate lymphocytes and stroma in response
to vaccine adjuvant. Cell Rep. 44, 115938 (2025).

Ball, A. G., Morgaenko, K., Anbaei, P., Ewald, S. E. & Pompano, R. R.
Poly I:C vaccination drives transient CXCL9 expression near B cell
follicles in the lymph node through type-I and type-Il interferon
signaling. Cytokine 183, 156731 (2024).

Morgaenko, K. et al. Ex vivo model of breast cancer cell invasion
in live lymph node tissue. ACS Pharmacol. Transl. Sci. 8, 690-705
(2025).

Zatorski, J. M. et al. Initiation of primary T cell-B cell interactions
and extrafollicular antibody responses in an organized
microphysiological model of the human lymph node. Preprint at
bioRxiv https://doi.org/10.1101/2025.01.12.632545 (2025).

Park, S. et al. Microphysiological systems for human aging
research. Aging Cell 23, 14070 (2024).

Torrens-Mas, M. et al. Organoids: an emerging tool to study
aging signature across human tissues. modeling aging with
patient-derived organoids. Int. J. Mol. Sci. 22, 10547 (2021).
Dauner, A. et al. The in vitro MIMIC platform reflects
age-associated changes in immunological responses after
influenza vaccination. Vaccine 35, 5487-5494 (2017).

Lambert, S. et al. The influence of three-dimensional structure
on naive T cell homeostas is and aging. Front. Aging https://doi.
org/10.3389/fragi.2022.1045648 (2022).

Stylianou, V. V. et al. Innate immune cell activation by adjuvant
ASO1in human lymph node explants is age independent. J. Clin.
Invest. 134, e174144 (2024).

Ao, Z. et al. Understanding immune-driven brain aging by human
brain organoid microp hysiological analysis platform. Adv. Sci. 9,
2200475 (2022).

Sardo, V. L. et al. The effect of aging on human induced
pluripotent stem cells. Nat. Biotechnol. 35, 69-74 (2017).
McGovern, K. E. et al. The aging of the immune system and its
implications for transplantation. Geroscience 45, 1383-1400 (2023).
Ille, M., Adamopoulos, I. E., Fain, M. J. & Nikolich, J. Z.
Osteoimmunology and aging - a frontier to explore. Geroscience
https://doi.org/10.1007/s11357-025-01744-0 (2025).

Olshansky, S. J., Perry, D., Miller, R. A. & Butler, R. N. Pursuing the
longevity dividend: scientific goals for an aging world. Ann. N. Y.
Acad. Sci. 1114, 11-13 (2007).

Burch, J. B. et al. Advances in geroscience: impact on healthspan
and chronic disease. J. Gerontol. A Biol. Sci. Med. Sci. 69, S1-S3
(2014).

Chung, L. et al. Interleukin 17 and senescent cells regulate the
foreign body response to synthetic material implants in mice and
humans. Sci. Transl. Med. https://doi.org/10.1126/scitranslmed.
aax3799 (2020).

Nature Aging


http://www.nature.com/nataging
https://doi.org/10.1038/s44222-023-00055-3
https://doi.org/10.1038/s44222-023-00055-3
https://doi.org/10.1146/annurev-bioeng-082420-124920
https://doi.org/10.1146/annurev-bioeng-082420-124920
https://doi.org/10.1038/s41563-024-02037-1
https://doi.org/10.1101/2025.01.12.632545
https://doi.org/10.3389/fragi.2022.1045648
https://doi.org/10.3389/fragi.2022.1045648
https://doi.org/10.1007/s11357-025-01744-0
https://doi.org/10.1126/scitranslmed.aax3799
https://doi.org/10.1126/scitranslmed.aax3799

Perspective

https://doi.org/10.1038/s43587-026-01187-y

142. Pawelec, G., Derhovanessian, E. & Larbi, A. Immunosenescence
and cancer. Crit. Rev. Oncol. Hematol. 75, 165-172 (2010).

143. Salmon, H. et al. Matrix architecture defines the preferential
localization and migration of T cells into the stroma of human
lung tumors. J. Clin. Invest. 122, 899-910 (2012).

144. Horn, L. A. et al. Remodeling the tumor microenvironment via
blockade of LAIR-1and TGF-beta signaling enables PD-L1-
mediated tumor eradication. J. Clin. Invest. https://doi.org/10.1172/
JCN55148 (2022).

Acknowledgements
J.Z.N. acknowledges the generous help of S. A. Sonar in generating Fig. 1.

Author contributions

J.Z.N. conceived the idea of the manuscript and coordinated the work.
J.Z.N. and K.M. mapped the manuscript. All authors constructed the
manuscript sections and wrote, edited and revised the manuscript.

Competinginterests

R.R.P.is a founder and holds equity in Lympha Bio, which develops
MPSs to model lymphoid functions. The other authors declare no
competing interests.

Additional information
Correspondence should be addressed to Janko Z. Nikolich or
Katharina Maisel.

Peer review information Nature Aging thanks Jessica Lancaster,
Priscilla Briquez, and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is
solely governed by the terms of such publishing agreement and
applicable law.

© Springer Nature America, Inc. 2026

Nature Aging


http://www.nature.com/nataging
https://doi.org/10.1172/JCI155148
https://doi.org/10.1172/JCI155148
http://www.nature.com/reprints

	Bioengineering strategies to interrogate and modulate the aging immune system

	Immunoengineering and studies of immune aging

	Strategies to improve vaccine efficacy via tissue targeting

	Barriers to immunomodulatory drug delivery to the lymph nodes in aging

	Aging modulates lymph node structure and function

	Aging affects lymphatic vessels


	ECM-mimicking biomaterials to study and modulate the aging immune system

	Age-related changes to ECM–immune interactions

	Decellularized tissues to study the aged ECM–immune environment

	Engineered scaffolds to mimic aged ECM


	In vitro modeling of aged immune tissues in MPSs

	Future directions to (re)engineer immune aging

	Summary of priority recommendations for studies using immunoengineering to address unresolved issues of immune aging at the ...

	Acknowledgements

	Fig. 1 Major age-related changes affecting innate and adaptive cells of the immune system.
	Fig. 2 Immunoengineering strategies for peripheral lymphoid tissue targeting.
	Fig. 3 ECM-mimicking biomaterials using top-down decellularized aged tissue and bottom-up hydrogel engineering approaches.
	Fig. 4 Applications of in vitro MPSs to model aging.




