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Bioengineering strategies to interrogate and 
modulate the aging immune system
 

Janko Ž. Nikolich    1,2  , Matthew T. Wolf3, Rebecca R. Pompano4 & 
Katharina Maisel    5,6 

Age-related changes in the immune 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 of immune aging. We propose that multidisciplinary approaches, 
nucleated at the interface of immunology, gerontology and engineering, 
have the potential to both bring substantial new knowledge, and to usher 
a new era of precision diagnostics and therapeutics to reprogram and 
rejuvenate immunity, potentially improving 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 approaches in drug delivery, extracellular matrix and 
related biomaterials, and in microphysiological and organoid systems, to 
advance the science of immune aging.

Immune aging is a dynamic field that is rapidly advancing1–4. 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 to improve 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 not encountered) infection increases in a log-linear manner with 
aging (logarithmic increase in mortality for every linear unit of lifes-
pan)5–7. This is predominantly due to the inability of older organisms to 
mobilize timely, properly polarized and efficacious primary immune 
responses (reviewed in ref. 8). The incidence of cancers also increases 
with age, with >85% of cancers occurring in those older than 50 years, 
and weakened immunity is a contributing factor9–11. Although we under-
stand a great deal about these defects, we only have modest ways to 

modulate, and almost no ways to reliably delay or reverse, the detrimen-
tal changes of immune aging. Second, old naturally arising memory 
T cells12 or adult T cells genetically manipulated to mimic certain DNA 
repair or metabolic defects of aging13,14 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 mechanisms12–14. 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 research4.

From the standpoint of primary age-related changes in the 
immune system, there are numerical declines in naive T and, subse-
quently, naive B lymphocytes (Fig. 1; reviewed in ref. 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-
ism8. However, careful examination reveals that at least some of these 
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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 
both are clearly altered by the process of aging. On the side of soluble 
mediators, which include cytokines, chemokines and hormones, there 
is a general dysregulation of homeostasis23 that is often simplistically 
and even misleadingly called ‘inflammaging’24. 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-1β, soluble TNF receptors I and II and others25–27), 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-β, type 2 cytokines 
and fibrotic reactions across different organs and tissues28,29. These, as 
well as other cellular changes affect the extracellular matrix (ECM) com-
position with aging30,31. Meanwhile, stromal cells of both primary32–34 
and secondary35–37 lymphoid organs, as well as in the target tissues 
where immune cells operate to eradicate infection and cancer9,38, are 
increasingly recognized as prominent, and perhaps often decisive, 

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 cells15,16. By contrast, 
highly differentiated memory lymphocytes are very long-lived cells, 
with stem-like characteristics, and even when terminally differentiated, 
retain much of their antimicrobial functions17,18. Although under the 
extreme cases of constant and high-load antigenic stimulation (for 
example, fulminant chronic infections such as HCV and HIV), effector 
and memory lymphocytes can become exhausted19. 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 senescence20,21. 
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 remains incompletely 
defined and understood in lymphocytes and in 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 attrition22. 
Another is that 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 life8. By both criteria, 
the well-established replicative senescence characteristics found in 
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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 the immune 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 

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; TFH, follicular 
helper T cell; TLR, Toll-like receptor.
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drivers of immune dysfunction34,39. 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 
levels30,40,41, compromised mitochondrial function and an increase in 
mitochondrial and cellular reactive oxygen species42, and frequent, but 
not invariable, alterations of the cellular secretome30,41. 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 of immune aging
The above gaps in 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 microenvironments in vitro (including of the 
ECM) afford important complementary strategies to probe and correct 
age-related defects. Immunoengineering is a relatively young discipline 
at the border of engineering and immunology43,44. Immunoengineers 
combine engineering principles, technologies and techniques with 
immunology to design more effective immunomodulatory 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 of immunomodulators, 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 to improve 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 with an antigen (usually a protein or a nucleic acid 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 
progress in immunotherapy development, many vaccines are less effi-
cacious in older populations3,45. To improve upon immunotherapeutic 
efficacy and reduce side effects, immunoengineers have developed 
methods to target delivery of these treatments to secondary lymphoid 
organs, where adaptive immunity is activated and immunological 
memory formed (Fig. 2). Targeting lymph nodes in particular has been 
shown to drastically enhance the effectiveness of vaccines and cancer 
immunotherapies46,47. 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 properties48–50. Lymph node targeting is often achieved through 
direct injection into the lymph node51, by targeting immune cells that 
migrate to the lymph nodes52, by hijacking albumin circulation53,54 or, 
more recently, by targeting lymphatic vessels that form the natural con-
duit between peripheral tissues and lymph nodes46,47,53. To target lym-
phatic vessels, small, 20–250-nm nanoparticles are optimal46,47, and we 
recently showed that nanoparticle surface chemistry is another crucial 
parameter that determines their transport into lymphatic vessels55,56. 
Such nanoparticles can be formulated to contain adjuvants, antigens 
and other immune-targeting molecules that could, for example, guide 
tissue homing of immune cells57,58.

Other immune tissues worth investigating as targets in aging 
include localized 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. 
A number of studies have sought to develop oral vaccines by targeting 

Peyer’s patches and other gut-associated lymphoid tissues. Generally, 
this involves conjugating ligands to drugs or drug carriers to target M 
cells, which transcytose materials to the underlying antigen-presenting 
and lymphoid cells, thus boosting an immune response59. 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 
as glycans60, or homing ligands61 can skew lymphocytes toward specific 
types of immune responses 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 
efficacy in older adults.

Barriers to immunomodulatory drug delivery to 
the lymph nodes in aging
Aging affects tissues and organs in 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 
is increased permeability, which could facilitate systemic delivery of 
immunomodulatory therapies. Targeting the lymph nodes via direct 
injections, albumin hitchhiking and lymphatic transport remain attrac-
tive options46,47,51,53,54, 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. 1 and 2) including atrophy in size and disorgan-
ized structure62,63. 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 cells64,65 and helper 
T cell responses, including those by follicular helper T cells, are 
impaired16,66–69. Furthermore, the key stromal cells that sustain lymph 
node function, including the lymphatic endothelium, high endothelial 
venules and the fibroblastic reticular cell network70–74, all change with 
aging and have been shown to affect immune cell maintenance35,37,75–77, 
migration throughout the lymph nodes and production of chemokines 
and cytokines16,36,78, as well as the initiation and propagation of adap-
tive immune responses16,36,37,75–77. Understanding and targeting these 
age-related changes may help us to design better immunomodulatory 
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 
vessels79–81. Moreover, lymphatic endothelial cells are one of the 
cell types prominently lost from old lymph nodes77, a defect with 
the potential to affect both antigen import and presentation in the 
lymph nodes82,83, as well as the broader homeostasis of neighboring cell 
types72,84, particularly the fibroblastic reticular cells and their network. 
Experimentally, clearance of lymphatic tracer dyes was impaired after 
intradermal injections in old mice (18 months) compared to young mice 
(2–3 months), and aged collecting vessels appear to exhibit increased 
permeability and even leakage81, 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 function81. 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 ECM85 and immunity, and of 

the age-related changes to the ECM that probably influence immune 
function during homeostasis and disease85 Biomaterial scaffolds are 
porous, engineered constructs that replicate or mimic ECM cues, and 
have tremendous opportunity to both model aging immune cell behav-
ior and to modulate immune function in biomedical applications such 
as wound healing and cancer.

Age-related changes to ECM–immune interactions
The ECM is a diverse array of protein and polysaccharide building blocks 
that are assembled into tissue-specific ratios and configurations to sup-
port tissue function. The ECM matrisome86 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. 
The low turnover of the ECM in tissues leads to memory of prior health 
states as it is remodeled during aging, disease and environmental stress-
ors87. Immune cells are sensitive to their ECM environment, and indeed 
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Fig. 2 | Immunoengineering strategies for peripheral lymphoid tissue targeting. a,b, Drug delivery systems (a) and potential targets for delivering 
immunotherapies to lymph nodes and immune cells in aging (b). NP, nanoparticle.
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many immune markers are ECM receptors that facilitate migration, like 
CD44 on T cells and LYVE1 expressed by macrophages or lymphatic 
endothelial cells, which are receptors for the ECM polysaccharide hya-
luronic acid. The M2 macrophage marker CD206 binds collagen, as do 
the myeloid cell integrins CD11b and CD11c88. These and other canoni-
cal ECM-binding integrins are upregulated with chemokine exposure, 
driving migration89 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 matrix90, 
generate collagen precursors91 and signal to fibroblasts92 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-β93 and IL-7 (refs. 94,95) being 
notable examples. These interactions are perturbed for some soluble 
factors during aging—for example, ligand-binding ECM molecules 
such as heparan sulfate undergo age-related changes in both structure 
and abundance96,97; 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 repair98–101. 
Typically, the ECM is 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 affects immune function. 
Neonatal porcine small intestine ECM exhibited enhanced growth fac-
tor binding102, greater CD206+ macrophage infiltration and reduced 
scar tissue formation103 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 
cell function, but these relatively few studies have not yet expanded to 
immunomodulatory roles104,105. Likewise, the effect of geriatric-aged 
decellularized human ECM on immune function has yet to be investi-
gated in depth. One likely challenge is that variability between individu-
als has the potential to increase 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 remodeling87.

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 signaling106. Modular polymeric three-dimensional (3D) 
platforms (Fig. 3) allow tunable crosslinking density and thus customiz-
able mechanics, and a growing library of ECM-mimicking peptides107,108 
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 
in vivo109. ECM polysaccharides like hyaluronic acid are similarly ame-
nable to hydrogel formation and tunability110,111, 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 can be 
replicated under in vitro conditions as a natural aging mechanism of 
ECM stiffening112. The role 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.

In vitro 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-
sues113. These sampling constraints make it difficult to study dynamic 
tissue-level functions in humans; instead, they are traditionally studied 
in animal models such as mice. Although a great deal has been learned 
from animal models, species differences in innate and adaptive immu-
nity may be one reason that drugs and vaccines developed in mouse 
models often fail when translated to humans114. Furthermore, animal 
models cannot recapitulate the diversity of human experience, such as 
the effects of genetic polymorphisms and genetic inheritance from mul-
tiple ancestral groups, a lifetime of prior antigen exposure, nutrition, 
environmental stressors (physical, chemical and psychosocial) and 
combinations of comorbidities that are frequent in older populations.

Aged ECMAged tissue

Decellularizationa b

Top-down ECM engineering using
decellularized tissues

Bottom-ECM engineering using
peptide-modified hydrogels

Collagens
Proteoglycans
Glycosaminoglycans
Age-related crosslink
ECM-sequestered growth factor

ECM mimicking peptides
(adhesion, degradation and
growth signaling)
Tunable mechanical crosslinks
Polymer backbone

Fig. 3 | ECM-mimicking biomaterials using top-down decellularized aged 
tissue and bottom-up hydrogel engineering approaches. a, A top-down 
approach is to isolate intact aged ECM via decellularization of animal or 
human cadaveric tissues. These matrices preserve the native architecture and 
composition including 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.
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For these reasons, microphysiological systems (MPSs) have 
emerged to model human tissue function, most commonly in the form 
of complex 3D cultures, organoids and organs-on-chip115,116 (Fig. 4). 
MPSs offer a bottom-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 forces116 
(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 function117,118. For 
models of primary and secondary lymphoid tissues, early progress was 
made in the late 2000s, followed by a major recent surge that incorpo-
rates advances in 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 
viruses120–123. These systems typically incorporate high-density mix-
tures of lymphocytes sourced from blood 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 ECM124–128. Predict-
ing the de novo immune response to novel antigens has not yet been 
conclusively demonstrated and remains a focus of major effort in many 
laboratories. For example, we recently established a 3D-cultured MPS 
model of antibody responses (IgM) starting from naive lymphocytes, 
made possible by using a superantigen129; work to predict the response 
to vaccine antigens is ongoing.

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

unexplored. In fact, aging is only recently incorporated even into non-
immune organoids and organs-on-chip such as heart, vasculature 
and brain130,131. 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 changes in antigen-specific T cell cytokine 
secretion120,132. 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-cultures133. Similarly, the initial innate immune response to 
the adjuvant AS01 was independent of donor age in an ex vivo culture 
of human axillary lymph node slices, potentially consistent with the 
superior efficacy of AS01-adjuvanted vaccines in older populations134. 
In another example outside lymphoid tissue, monocytes from aged 
donors infiltrated at greater rates than those from young adult donors 
into brain organoids and generated a greater inflammatory response 
in the brain135. These early examples show the potential to combine 
models of immunity and aging together, although there remains much  
work to do.

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 passaging136.

In vivo systemsEx vivo tissues ± chipsIn vitro cell culture
3D cultures,
organoids

Strategies to model aging in immune MPSb

Altered nutrients, ROS 
or inflammatory signals 
in media, 3D culture

Altered organization

Older cells or tissue

Altered flow profile

Stiffer, fibrotic ECM

Cell-based
organs-on-chip

Intermediate control and complexity
3D microenvironment,
physical cues

More control
Content, timing,
analytics, environment

a

More complexity
Cell populations,
tissue organization, ECM

Fig. 4 | Applications of in vitro MPSs to model aging. a, MPSs such as engineered 
3D cultures, organoids, organs-on-chip and ex vivo cultures fill the gap 
between traditional in vitro culture and in vivo models in terms of experimental 

control and complexity. b, Potential strategies to isolate the effect of specific 
aging-related changes on immune function in an organ-on-chip-style MPS are 
indicated; these have not yet been tested systematically in many MPS systems.
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Future directions to (re)engineer immune aging
In summary, we see major opportunities to (re)engineer immune 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 cancer immunotherapy, both from the perspective of reduc-
ing side effects and enhancing drug efficacy. Notable opportunities 
exist in transplant immunology137, osteoimmunology138 and other fields 
as well. Unfortunately, most current treatments are not designed with 
age-related changes to immunity in mind. Considering the existing gap 
in practice and the projected increase 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 dysfunctional immune cells, over-
coming increased ECM barriers that prevent access to immune 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 
as well as harnessed for improving, 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 
cell frequency increases 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 
in vivo141. Similar to the principles of vaccine delivery, targeted delivery 
of senolytic and senomorphic drugs to specific immune 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 age11,142. Higher collagen and fibronectin density is 
correlated with reduced T cell infiltration, reducing the efficacy of 
cancer immunotherapy in many tumor types143, although improved 
checkpoint immunotherapy responsiveness is observed in others85. 
Furthermore, disrupting ECM–immune interactions has a precedent 
in modulating the tumor microenvironment144, which may provide 
insights into reversing age-dependent effects as well. Therefore, tumor 
immunity and immunotherapy have much to benefit from studies of 
the ECM in 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 
young and 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 
a manner that is impossible in humans and challenging even in animal 
models. It is straightforward to mix and match young and aged cells in 
an MPS to determine which cell type(s) drive the aging phenotype133. 
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 are ripe for application to aging 
research. Indeed, we believe 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. In its ultimate 
and fully developed iteration, one could envision high-throughput MPS 
systems in which not only different cell types, but also ECM and soluble 
mediators are mixed and matched to mimic different combinations 
of heterochronic conditions. Moreover, such models would provide 
a tractable system to dissect primary, secondary and compensatory 
age-related changes in the immune 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 a key frontier, and longitudinal preclinical and clinical studies 
are urgently needed to pave the way for such interventional trials.
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