
Nature Medicine | Volume 28 | December 2022 | 2622–2632 2622

nature medicine

Article https://doi.org/10.1038/s41591-022-02073-x

Inhaled particulate accumulation with age 
impairs immune function and architecture in 
human lung lymph nodes

Basak B. Ural    1, Daniel P. Caron    1, Pranay Dogra1, Steven B. Wells    2, 
Peter A. Szabo    1, Tomer Granot3, Takashi Senda4, Maya M. L. Poon    1, 
Nora Lam1, Puspa Thapa1, Yoon Seung Lee1, Masaru Kubota4, Rei Matsumoto4 & 
Donna L. Farber    1,4 

Older people are particularly susceptible to infectious and neoplastic 
diseases of the lung and it is unclear how lifelong exposure to environmental 
pollutants affects respiratory immune function. In an analysis of human 
lymph nodes (LNs) from 84 organ donors aged 11–93 years, we found a 
specific age-related decline in lung-associated, but not gut-associated, 
LN immune function linked to the accumulation of inhaled atmospheric 
particulate matter. Increasing densities of particulates were found in 
lung-associated LNs with age, but not in the corresponding gut-associated 
LNs. Particulates were specifically contained within CD68+CD169− 
macrophages, which exhibited decreased activation, phagocytic capacity, 
and altered cytokine production compared with non-particulate-containing 
macrophages. The structures of B cell follicles and lymphatic drainage 
were also disrupted in lung-associated LNs with particulates. Our results 
reveal that the cumulative effects of environmental exposure and age may 
compromise immune surveillance of the lung via direct effects on immune 
cell function and lymphoid architecture.

The demographics of the world population are rapidly changing, such 
that it has been projected that individuals 65 years or older will repre-
sent over 20% of the population by 20501. As the majority of health-
care costs, morbidity and mortality from diseases are experienced by 
individuals over 55 years of age2, there is a need to better understand 
the mechanisms by which aging increases disease susceptibility. In 
particular, there is a significant and striking increase in both the inci-
dence and severity of diseases of the lung and respiratory tract with 
age. Older people are at increased risk for lung damage, as well as severe 
outcomes from infection with respiratory viruses such influenza3 and 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), for 
which mortality from infection in individuals >75 years is more than 

80-fold greater than in younger adults4–6. Moreover, neoplastic disease 
of the lung, including small cell lung cancer, mostly affects individuals 
older than 60 years7.

Senescent changes in the immune system have been implicated 
in the increased disease burden in older people. With age, immune 
cells and functional mediators undergo intrinsic alterations leading to 
decreased adaptive immune responses, increased inflammation8,9 and 
decreased regulation10, thus impairing anti-pathogen and anti-tumor 
immunity. However, the mechanisms for the biased decline in respira-
tory immunity over age are not known. In addition, aging and its effects 
on the respiratory tract are shaped by prolonged exposure to the envi-
ronment through inhalation11,12, although the role of environmental 
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encountered in the lungs enter LLNs via lymphatics where adaptive 
immune responses are initiated, including T cell priming and interac-
tions with B cells in specialized lymphoid follicles to promote humoral 
immunity. Age-associated effects on LNs have been identified in mice15 
and morphological changes with age have been reported in human 
LNs16,17; however, analysis of human LN aging and its effect on immune 
responses and functionality has not been performed. As part of their 
role in immune surveillance, LNs also filter impurities from tissues 

insults in age-associated impairments of the immune system is not 
well understood.

Studies of immunosenescence in humans sample blood as the 
most accessible site. However, immune responses occur in mucosal 
and barrier sites of infection and associated lymphoid organs. For 
responses to respiratory infections, lung-associated lymph nodes 
(LLNs) are crucial for adaptive immune responses to new and recur-
ring pathogens, as demonstrated in mouse models13,14. Antigens 
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Fig. 1 | LLNs accumulate carbon particulates with age. a, Photos showing 
the gross anatomy of LLNs (top) and gut-associated MLNs (bottom) dissected 
from lung and intestine samples. b, Appearance of whole LLNs by age. c, Graphs 
of the donors whose samples were used in this study, stratified by age (top) 
and sex for each site (bottom). d, Brightfield confocal images of human LLNs 
(left) and MLNs (right). For each site, the left column shows whole LN sections 
stitched together from 70–400 single 20× images and the right column shows 
magnified sections, as outlined by the white boxes in the images to the left. 
The ages of the organ donors are indicated. The black regions show particulate 

contents. Representative images were taken from 5–7 donors (LLNs) and 4–6 
donors (MLNs) per age group (≤39, 40–64 and ≥65 years). Scale bars, 1,500 µm 
(whole sections except for MLN from 20 yr old donor which is 500 µm) and 100 
or 50 µm (single images). e, Particulate content in LNs, quantified by measuring 
the area (μm2) of each LN that contained black particulates. Imaging data 
were quantified using Imaris software. Linear regression was performed with 
Pearson’s correlation (two tailed). P values and Pearson’s R values are provided 
(**, p<0.01). The data are presented as means ± 95% CIs. The data are from 16–19 
donors per site.
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through lymphatics18,19, although the impact of this broader role for 
LNs on human immune responses remains unexplored. Here, we took 
an anatomical approach to investigate the cellular, structural and 
functional niches of tissue-draining LNs in samples from human organ 
donors of different ages, revealing localized, age-associated changes 
in LLNs due to the accumulation of inhaled atmospheric particulates 
from environmental pollutants.

Results
Atmospheric particulates accumulate in LLNs
We obtained multiple LN samples associated with lungs and intestines 
from human organ donors (see Methods), through a human tissue 
resource we established involving collaborations with organ procure-
ment organizations, as previously described20. Based on our acquisition 
of tissues from hundreds of organ donors of all ages (with no history 
of smoking) over the past decade21–25, we consistently observed differ-
ences in the appearance of LNs associated with the lung and gut, respec-
tively. Here, we show that LLNs are black in color, while mesenteric 

LNs (MLNs) from the same individual are beige or translucent in color  
(Fig. 1a), similar to mouse LNs. Comparing LNs from donors of differ-
ent ages revealed that black LLNs were observed in the majority of 
adult donors after the third decade of life but were less prevalent in 
younger donors (<30 years) (Fig. 1b). Black particulates are present 
in the atmosphere and consist of different polycyclic aromatic hydro-
carbons derived from environmental pollutants such as motor vehicle 
exhausts, heating and wildfires12,26. We therefore hypothesized that 
inhaled atmospheric particulates and their accumulation with age 
may result in specific alterations to the immune function and archi-
tecture of LLNs.

We took a quantitative imaging approach to assess the impact of 
age and inhaled particulates on LN structure and function in LLNs and 
MLNs from a cohort of 84 organ donors aged 11–93 years, distributed 
equally between males and females, with no documented history 
of heavy smoking (>20 packs for 1 year or longer; see Methods for 
criteria) (Fig. 1c and Extended Data Table 1). We imaged whole LN sec-
tions by confocal microscopy, stitching together multiple (70–400) 
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Fig. 2 | The CD68+CD169− subset of LN macrophages localize within the T cell 
zone and contain particulates. a, Confocal images of LLNs immunostained 
for CD68 (green), CD169 (red), CD8 (cyan) and CD19 (magenta). Left, whole LN 
section stitched together from 70–400 single 20× images. Right, magnified 
sections as outlined by the white boxes to the left. Each row of magnified images 
shows the localization of a different macrophage subset (1 = CD68+CD169−; 
2 = CD68+CD169+; 3 = CD68−CD169+). Representative cells for each subset 
indicated with yellow arrow. Scale bars, 2,000 µm (whole LN section) and 
200 µm (single images). b, Confocal images of human LLNs stained for CD68 and 
CD169 to show macrophage subsets and black particulate matter localization 
(brightfield microscopy; white). Yellow arrows indicate the representative 
CD68+CD169- macrophages containing particulate matter. Representative 
images were taken from six donors. Scale bars, 50 µm. c, Confocal images of 
human LLNs stained for CD68 and CD169 to show black particulate matter 
accumulation in different macrophage subsets of the indicated ages. The left 
two columns show whole LN sections stitched together from 70–400 single 

20× images. The right two columns show magnified sections. Within these sets 
of images, the left columns show a brightfield imaging overlay to indicate the 
localization of particulates (white). Yellow arrows indicate the representative 
CD68+CD169- macrophages containing particulate matter. Representative 
images were taken from 6–9 donors per age group (≤39, 40–64 and ≥65 years). 
Scale bars, 1,000 µm (whole LN sections) and 200 µm (single images). d, Bar 
graph showing the macrophage subsets that contained particulates (<3 µm) 
for different age groups, as calculated using Imaris software. The data are 
presented as means ± s.d. and are from 18 donors. Statistical significance 
was determined by two-way ANOVA with Tukey’s post-hoc test. Statistically 
significant differences were found for the following comparisons: P = 0.0012 
(**, p<0.01) for CD68+CD169− versus CD68+CD169+ at 40–64 years, P = 0.0083 
(**) for CD68+CD169− versus CD68−CD169+ at 40–64 years, P < 0.0001(****) 
for CD68+CD169− versus CD68+CD169+ at ≥65 years and P < 0.0001(****) for 
CD68+CD169− versus CD68−CD169+ at ≥65 years.
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20× single images (see Methods) to quantify the structural and cel-
lular changes between sites and with age. Brightfield images showed 
increased particulate matter with age, specifically in LLNs, which was 
most notable at 40 years of age and older, while MLNs from each cor-
responding donor did not exhibit particulates at any age (Fig. 1d,e). 
This age-related accumulation of atmospheric particulates in LLNs was 
similar between males and females (Extended Data Fig. 1), suggesting 
environmental effects localized to the LLNs draining the respiratory 
tract, irrespective of sex.

Uptakes of particulates by CD68+CD169− macrophages in LLNs
LNs comprise densely packed immune cells that are organized in 
defined structural niches. B cells are organized in follicles that in 
humans are arranged in the periphery and throughout the organ (Fig. 
2a, magenta), while CD8+ T cells are situated around and outside follicles 
delineating the T cell zone (Fig. 2a, cyan). LN macrophages, as defined 
in mouse models, are subdivided into different subsets based on their 
localization within the T cell zone, the subcapsular region or follicles27,28. 
To define macrophage populations and their localization in human LNs, 
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Fig. 3 | Particulate-containing CD68+CD169− macrophages are increased in 
LLNs and exhibit decreasing function with age. a, Expression of CD68 and 
CD169 gated on live, singlet and CD45+CD3− cells, showing CD68+CD169− (black 
rectangle), CD68−CD169+ (red rectangle) and CD68+CD169+ (blue rectangle) 
macrophage subsets. b, Heat map showing the differential expression of the 
indicated markers by the three macrophage subsets, compiled from LLNs.  
c, Frequency of macrophage subsets in LLNs (n = 21) and MLNs (n = 19). Statistical 
significance was determined by mixed-effects analysis with Tukey’s post-hoc 
test. The data are presented as means ± s.d. Statistically significant differences 
between macrophage subset frequencies in LLNs versus MLNs were found for 

CD68+CD169− (P=0.0004,*** for p<0.001) and CD68−CD169+(<0.0001,****) 
cells. There was no significant difference (P = 0.9458) for CD68+CD169+cells. 
d, Frequency of macrophage subsets in LLNs (n = 21) and MLNs (n = 19) by age. 
Linear regression was performed with Pearson’s correlation (two tailed). P values 
and Pearson’s R values are provided (n.s.). The data are presented as means ± 95% 
CIs. e, Expression of the functional markers CD80/86, CD36 and CD209 by 
CD68+CD169− and CD68+CD169+ macrophage subsets in LLNs (n = 22) and MLNs 
(n = 21) by age. Linear regression was performed with Pearson’s correlation (two 
tailed). P values and Pearson’s R values are provided (*, p<0.05, ***, p<0.001). The 
data are presented as means ± 95% CIs.
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we stained LN sections with CD68 (a scavenger receptor expressed by 
tissue or migratory macrophages29) and CD169 (a sialic acid receptor 
expressed by tissue-resident and subcapsular macrophages in mucosal 
and lymphoid sites, respectively30–32). In human LNs, we observed CD68+ 
macrophages distributed within the T cell zone and in the subcapsular 
region around follicles (Fig. 2a, regions 1 and 2), while CD169 expres-
sion distinguished subcapsular and medullary from T cell zone mac-
rophages (TCZMs) (Fig. 2a; compare regions 1, 2 and 3). Three subsets of 
macrophages could be distinguished based on coordinate expression 
of CD68 and CD169: CD68+CD169− macrophages were mostly found in 
the T cell zone (Fig. 2a, region 1, green); CD68+CD169+ macrophages 
were in the subcapsular sinus (region 2, yellow); and CD68−CD169+ 
macrophages were in the medullary sinus (region 3, red). Human LNs 
therefore contain macrophages distributed in all regions, with specific 
subsets in T cell zones and subcapsular regions.

We hypothesized that particulates would be contained within 
innate immune cells with the capacity to engulf foreign antigens 

through phagocytosis. In LNs, phagocytic cells mostly comprise mac-
rophages and/or dendritic cells, as neutrophils and monocytes are 
not significantly represented in LNs21,23. Comparison of brightfield 
images (particulates) with fluorescence staining of lineage markers 
in LNs revealed that particulates are contained within macrophages 
(CD68+ cells) and not within dendritic cells (CD11c+HLA-DR+CD141+ 
cells) (Fig. 2b and Extended Data Fig. 2a). We further investigated 
whether particulates were contained within specific macrophages 
subsets. Using quantitative imaging analysis of whole LNs, we found 
that the majority of particulates were contained within CD68+CD169− 
macrophages (Fig. 2c,d), which also expressed CD11c (Extended Data 
Fig. 2b,c)—a phenotypic feature of TCZMs in mice27,33. We did not find 
significant particulates in subcapsular (CD68+CD169+) and medullary 
(CD68−CD169+) macrophages. Together, these results suggest that 
TCZMs are the predominant subset containing particulate matter 
within LLNs, consistent with the role of this subset as scavengers for 
dying and dead cells33.
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Fig. 4 | Particulate-containing CD68+CD169− macrophages have diminished 
phagocytosis. a, Confocal images of human LLNs stained for CD68, CD36 and 
CD169 from donors of the indicated ages. The white arrows show CD68+CD169− 
macrophages and CD36 expression in LNs from a representative young and older 
donor. Representative images were taken from 5–6 donors per age group (≤65 
and ≥65 years). Scale bars, 15 µm. b, Graphs showing the frequency of CD36+ 
CD68+CD169− macrophages by age and stratified by those with (left) or without 
(right) black particulates (n = 11). The calculations were made using Imaris 
software. Linear regression was performed with Pearson correlation (two tailed). 
P values and Pearson’s R values are provided (*, p<0.05). The data are presented 
as means ± 95% CIs. NS, not significant. c, THP-1 macrophages phagocytose black 
particulates. Differentiated THP-1 cells were incubated with or without black 
particulates for 6 h. The representative images show black particulates (≥4 μm 
size) within macrophages (n = 3 wells per condition; three images per well).  
d, Particulate-containing THP-1 macrophages exhibit decreased phagocytosis. 
Differentiated THP-1 cells previously incubated with or without black particulates 
were cultured with pHrodo beads at 37 or 4 °C for 90 min and phagocytic uptake 
was determined by confocal microscopy (2–3 images per well). The graph shows 
the frequency of THP-1 cells containing beads for each well and condition, 

representative of two experiments (n = 9–12 wells per condition). Statistical 
significance between phagocytosis by THP-1 cells without or with particulates 
was determined by one-way ANOVA with Tukey’s post-hoc test (****P < 0.0001). 
e, Differential proliferation of macrophages in LLNs by age. Confocal images of 
human LLNs stained for CD68, Ki-67 and CD169 are presented. The white arrows 
show Ki-67+ macrophages. Representative images were taken from 6–7 donors 
(2–4 images per donor) per age group (≤65 and ≥65 years). Scale bars, 100 μm.  
f, Graph showing the frequency of proliferating (Ki-67+) cells for each 
macrophage subset and for different age groups, as calculated using Imaris 
software. Statistical significance was determined by mixed-effects analysis 
with Tukey’s post-hoc test. Statistically significant differences were found for 
the following comparisons: P = 0.004 (**) for CD68+CD169− at ≤39 years versus 
CD68+CD169− at 40–64 years, P = 0.0095 (**) for CD68+CD169− at ≤39 years versus 
CD68+CD169− at ≥65 years, P = 0.0373(*) for CD68+CD169– at 40–64 years versus 
CD68−CD169+ at 40−64 years, P = 0.0023 (**) for CD68+CD169− at ≤39 years versus 
CD68−CD169+ at ≤39 years, P = 0.0071(**) for CD68−CD169+ at ≤39 years versus 
CD68+CD169+ at ≤39 years and P = 0.0384 (*) for CD68+CD169+ at ≤39 years versus 
CD68+CD169+ at 40–64 years. The data are presented as means ± s.d. and are from 
13 donors (2–7 single images per donor).
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Particulates impair macrophage phagocytosis and turnover
In tissues, macrophages are strategically localized to serve as a gate-
keeper to phagocytose pathogens, dead cells or debris. We investigated 
whether the increased presence of particulates with age in TCZMs 
in LLNs would result in altered activation, phagocytic capacity and/
or turnover. We used flow cytometry to assess markers of activa-
tion and phagocytosis for macrophage subsets in LLNs and MLNs of 
organ donors aged 18–92 years, to control for the effects of subset, 
site, age and particulate content. The flow cytometry panel for analy-
sis contained markers for lineage (CD64, CD68 (refs. 29,34), CD11c and 
CD11b) tissue residence (CD163 (ref. 35), CD169 (refs. 30–32) and CX3CR1  
(refs. 36,37)), activation (HLA-DR, CD80 and CD86) and phagocytosis, 
including the scavenger receptor CD36, which is important for the 
uptake of apoptotic cells and bacteria38, and CD209 (DC-SIGN1), a 
marker of phagocytic capacity for pathogens39.

Consistent with our imaging data, three major macrophage sub-
sets were delineated based on CD68 and CD169 expression (Fig. 3a 
and Extended Data Fig. 3 (gating strategy)); each subset differed in 
the expression of phenotypic markers for macrophage subsets (CD64, 
CD11c, CD11b, CD163 and CX3CR1), localization (CX3CR1) and function 
(CD209, HLA-DR, CD36 and CD80/86) (Fig. 3b). We identified differ-
ences in the composition of macrophage subsets between LLNs and 
MLNs; there was an increased frequency of CD68+CD169− macrophages 
in LLNs compared with MLNs and the frequency of these subsets at 
each site did not change with age (Fig. 3c,d and Extended Data Fig. 4a). 
However, expression of the key activation markers CD80 and CD86 
and the phagocytic marker CD36 decreased with age specifically in 
CD68+CD169− macrophages in LLNs but not in MLNs (Fig. 3e), nor in 
CD68+CD169+ subcapsular and CD68−CD169+ medullary sinus mac-
rophages in either LLNs or MLNs (Fig. 3e and Extended Data Fig. 4b). 
In contrast, CD209 expression was not altered significantly with age 
in any macrophage subset at either site (Fig. 3e and Extended Data Fig. 
4b). These results show that while the frequencies of LN macrophage 
subsets are largely maintained as age progresses, the expression of 
functional markers specifically in the CD68+CD169− subset within LLNs 
decreases with age, suggesting that particulates may have specific 
effects on macrophage function.

We investigated the direct effect of particulates on phagocytic 
capacity by imaging and functional assays. The decrease in CD36 
expression with age in LLN CD68+CD169− macrophages, as measured 
by flow cytometry, was also observed by imaging (Fig. 4a), and specifi-
cally in CD68+CD169− macrophages containing particulates but not in 
CD68+CD169− macrophages without particulates (Fig. 4b). To directly 
assess whether particulate uptake by macrophages inhibits phagocy-
tosis, we performed phagocytic assays using the THP-1 human mac-
rophage cell line exposed to carbon particulates isolated from urban 
environmental sources (see Methods). THP-1 cells readily take up these 
atmospheric black particulates within 6 h (Fig. 4c), demonstrating the 
efficiency of macrophage-mediated surveillance. Using an in vitro 
phagocytic assay for the uptake of fluorescent bioparticles consisting 
of bacteria with a pH-sensitive dye that fluoresces when phagocytosed 

(see Methods), we found a significant decrease in phagocytosis by 
particulate-containing compared with non-particulate-containing 
THP-1 cells (Fig. 4d and Extended Data Fig. 5a). These results show that 
particulate uptake by macrophages can directly impact the phagocytic 
function of macrophages that are important for scavenging and the 
maintenance of tissue homeostasis.

The decrease in phagocytic function and recycling of the mem-
brane suggested that particulates may also affect the ability of tissue 
macrophages to undergo proliferative turnover for replenishment or 
maintenance40. We assessed Ki-67 expression in situ as a marker of prolif-
erating cells (Fig. 4e,f). In LN samples from younger donors (≤39 years), 
the numbers of proliferating CD68+CD169− and CD68+CD169+ mac-
rophages were greater than the number of proliferating CD68−CD169+ 
macrophages. In contrast, CD68+CD169− macrophages from older 
donors (≥65 years) had significantly decreased proliferation inde-
pendent of particulate content (Fig. 4f). CD68+CD169− macrophages 
with or without particulates did not show a direct correlation in Ki67 
expression (Extended Data Fig. 5b). The decreased proliferation of 
CD68+CD169− macrophage subsets in older individuals (independent 
of particulates) suggests that particulates do not affect turnover, but 
rather decreased turnover is a potential mechanism for the accumula-
tion of particulates within macrophages at older ages.

Particulates alter cytokine production by macrophages
Macrophages also elicit critical innate immune functions through 
the secretion of multiple proinflammatory and regulatory cytokines 
and mediators41. To define how particulate content affects 
macrophage-derived cytokine production, we stained LLN sections 
with antibodies to macrophage-derived factors including the anti-
viral cytokine interferon-α (IFN-α), the proinflammatory cytokines 
tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) and the 
anti-inflammatory mediator arginase42. We previously found that 
human LLNs exhibit ongoing immune activity compared with other 
LN sites23, enabling in situ examination of cytokine production. To dis-
sect the individual contributions of particulates and age in macrophage 
function, we measured cytokine production by CD68+CD169− mac-
rophages with and without particulates in LLNs across all adult ages 
(Fig. 5 and Extended Data Fig. 6). For each parameter measured, we 
performed a multivariable regression analysis to control for particulate 
and age effects (Supplementary Table 1).

Across ages, macrophages containing particulates exhibited 
decreased frequencies of cytokine production compared with mac-
rophages without particulates for IFN-α, TNF-α and IL-6 (Fig. 5a–f, 
Extended Data Fig. 6a–c and Supplementary Table 1). This finding is 
consistent with particulates having inhibitory effects on macrophage 
function. In contrast, arginase was produced comparably by mac-
rophages containing or lacking particulates (Extended Data Fig. 6d–f). 
When comparing functional capacity across age, we found three pat-
terns showing differential effects of particulates and age for various 
mediators. For TNF-α, there was an age-associated increase in the fre-
quency of TNF-α+ macrophages independent of particulates, although 

Fig. 5 | Particulate-containing CD68+CD169− macrophages exhibit 
altered cytokine production. a, Confocal images of human LLNs stained 
for CD68, CD169 and TNF-α from donors of the indicated ages. The arrows 
show representative CD68+CD169− macrophages (magenta, CD68+CD169− 
macrophages with particulates; orange, CD68+CD169− macrophages without 
particulates). The left column shows brightfield imaging overlays (particulates 
are white). Representative images were taken from 2–5 donors (3–4 images per 
donor) per age group (≤39, 40–64 and ≥65 years). Scale bars, 20 µm. b, Graph 
showing the paired frequencies of TNF-α+ CD68+CD169− macrophages with 
or without black particulates, as calculated using Imaris software. Statistical 
significance was assessed using repeated measures ANOVA. Statistically 
significant differences were found for the following comparisons of with versus 
without particulates: P = 0.0021(**) for ≤39 years, P = 0.0018(**) for 40–64 years 

and P = 0.0092(**) for ≥65 years. The data are from ten donors (3–4 single 
images per donor). c, Graphs showing the frequencies of TNF-α+ CD68+CD169− 
macrophages with or without particulates by age, as calculated using Imaris 
software (n = 10). Linear regression was performed with Pearson’s correlation 
(two tailed). P values and Pearson’s R values are provided (*, p<0.05). The data 
are presented as means ± 95% CIs. d, As in a, but with staining for IFN-α instead 
of TNF-α. Representative images were taken from 4–6 donors (2–4 images per 
donor) per age group (≤39, 40–64 and ≥65 years). Scale bars, 20 µm. e, As in b, 
but for IFN-α+ CD68+CD169− macrophages. The P values for comparisons of with 
versus without black particulates were P = 0.0021(**) for ≤39 years, P = 0.0036(**) 
for 40–64 years and P = 0.4170(n.s.) for ≥65 years. The data are from 15 
donors (2–4 single images per donor). f, As in c, but for IFN-α+ CD68+CD169− 
macrophages (n = 15). (**, p < 0.01).

http://www.nature.com/naturemedicine


Nature Medicine | Volume 28 | December 2022 | 2622–2632 2628

Article https://doi.org/10.1038/s41591-022-02073-x

the frequency of TNF-α+ macrophages with particulates was lower at all 
ages (Fig. 5a–c). Multivariate analysis showed significant yet independ-
ent effects of particulates and age for TNF-α (Supplementary Table 1). 

For IFN-α expression, we found a significant increase with age only in 
the particulate-containing macrophage subset, and multivariate analy-
sis further revealed independent effects of particulates, with decreased 
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IFN-α expression at younger ages (Fig. 5d–f and Supplementary  
Table 1). In contrast, both arginase and IL-6 did not show age-associated 
changes in their expression, although IL-6 expression was decreased in 
particulate- compared with non-particulate-containing macrophages 
(Extended Data Fig. 6a–f and Supplementary Table 1). Together, these 
results show independent and synergistic effects of particulates and 
age on macrophage function in LLNs.

Particulates disrupt LN architecture and lymphatic drainage
Adaptive immune responses are primed within LN follicles, where T cells 
interact with B cells to promote the production of antibody-secreting 

plasma cells and memory B cells43. Disruptions of these follicles due to 
cytokines, chemokines or infections can lead to a decreased adaptive 
immune response44,45. In addition, structural connections with lym-
phatic vessels are important for the transit of immune cells through-
out tissues and for migration of dendritic cells from tissues to LNs for 
T cell priming46. We investigated whether the accumulation of carbon 
particulates in aging LLNs affects LN architecture and immunosurveil-
lance. We observed that B cell follicles in LLNs became more dispersed 
with age, resulting in a loss of B cell follicle integrity, as quantified using 
a computational measure of follicle circularity, while follicles within 
MLNs did not exhibit significant structural changes with age (Fig. 6a,b). 
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ages) stained for podoplanin to show the lymphatics (red; middle). Brightfield 
imaging overlays (white; left) show the black particulate matter. In the right 
column, they are pseudocolored green to show the overlay with podoplanin 
(the particulate matter and lymphatics were isosurfaced using Imaris software). 
Representative images were taken from 5–12 donors per age group (≤65 and 
≥65 years). Scale bars, 1,000 µm. d, Left, graph showing the percentage of the 
whole LN section covered by lymphatics. Right, graph showing the area covered 
by lymphatics close to the particulate area (<3 µm), as determined using Imaris 
software. Statistical significance was determined by one-way ANOVA with 
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means ± s.d. and are from 17 donors.
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Similarly, an assessment of lymphatics by staining human LN sections 
with podoplanin47 (Fig. 6c) revealed a slight decrease in the total lym-
phatics area in both LLNs and MLNs with age, but this did not achieve 
significance (Fig. 6d). However, in regions containing particulate mat-
ter, there were significantly fewer lymphatic vessels in older compared 
with younger adults (Fig. 6d). The accumulation of carbon particulates 
is therefore accompanied by a disruption in LN architecture, affecting 
follicles and lymphatic drainage, with potential impacts on the priming 
of adaptive immunity and immune surveillance.

Discussion
Diseases of the lungs and respiratory tract disproportionately affect 
older people, as evidenced by the dramatically increased susceptibility 
to respiratory infections that has been observed during the SARS-CoV-2 
pandemic. Here, we reveal a new mechanism for compromised res-
piratory immunity with increasing age due to exposure to inhaled 
particulates from the environment that have specific effects on LLNs, 
which provide critical immunosurveillance functions. We show that 
particulates are contained within TCZMs in LLNs but are not present in 
TCZMs in MLNs within the same individual. Particulate-containing mac-
rophages exhibit decreased phagocytosis over age, probably due to the 
direct effects of particulates, which also decreases cytokine production 
and can exacerbate age-associated inflammation. Moreover, increased 
particulate content after the age of 40 years results in a disruption of LN 
structure and lymphatic connections. Our findings provide evidence 
for individual and cumulative effects of environmental insults and 
senescent changes on lung-localized immunity.

Macrophages orchestrate the innate immune response through 
their phagocytic uptake of pathogens and the production of cytokines 
for immune cell recruitment and the initiation of adaptive immunity. 
They also maintain tissue homeostasis through the uptake and elimina-
tion of dead cells and debris48,49. Here, we provide direct evidence that 
macrophages take up atmospheric particulates that lodge in LLNs. 
Whether these macrophages originate in the lungs is not known, 
although the increased prevalence of CD68+CD169− macrophages in 
LLNs versus MLNs suggests recruitment to LLNs from the lungs. Our 
results also indicate that the fate of particulate-containing macrophages 
may differ with age. Macrophages in the LNs of younger individuals 
exhibited higher turnover than those from older individuals, which may 
facilitate particulate clearance. In this way, young macrophages may be 
more resilient to the detrimental effects of particulate accumulation.

Particulates also have adverse effects on macrophage function. We 
showed that a high concentration of particulates can be engulfed by 
macrophages, which results in impaired phagocytic capacity mediated 
by direct recognition via scavenger receptors or other non-opsonized 
pathways. Whether phagocytosis of pathogens and cellular debris 
or Fc receptor-mediated opsonization are affected remains to be 
established. We also detected independent effects of particulates 
on cytokine production by macrophages. Particulate-containing 
macrophages exhibited lower production of key proinflammatory 
cytokines including TNF-α, IFN-α and IL-6, which are essential for innate 
responses to pathogens. We therefore propose a direct effect of par-
ticulates in multiple aspects of macrophage function and turnover. The 
resultant persistence of functionally impaired macrophages in LLNs 
may contribute to the dysregulated innate responses to respiratory 
pathogens known to occur in older people5,50.

We also found disrupted follicular structure and decreased lym-
phatic connections in LLNs with high particulate content, mostly found 
in individuals older than 50 years. These results suggest impaired prim-
ing of adaptive immune responses for newly encountered respiratory 
pathogens, which is known to occur with age5. However, the ability of 
particulate-containing LNs to support priming needs to be specifically 
investigated. Older individuals are intrinsically compromised in their 
ability to respond to new pathogens due to diminished numbers of 
naive T cells and a lack of thymic output51. The loss of structural niches 

for priming in LLNs further exacerbates the impact of these senescent 
changes on respiratory immunity. In our previous studies, we showed 
that the proportions of tissue-resident memory T cells and influenza 
virus-specific tissue-resident memory T cells were maintained over age 
in human lungs, but decreased in frequency in LLNs24,52,53, suggesting 
that altered LLN architecture also impacts the maintenance of memory 
T cells. Together, our findings indicate that age-associated changes 
to the immune system are local and anatomical, as well as intrinsic to 
specific cell types.

Pollution from carbon-based sources is an ongoing and growing 
threat to the health and livelihood of the world’s population54. The 
specific effects of pollutants on lung inflammation and asthma in 
certain individuals or within certain geographic regions have been 
documented55–57. Here, through examination of lymphoid tissues, we 
demonstrate a chronic and ubiquitous impact of pollution on our abil-
ity to mount critical immune defense and surveillance of the lungs. In 
this way, older people are highly vulnerable to pathogens that infect the 
respiratory tract, as has been tragically demonstrated with the COVID-
19 pandemic. The effects of pollutants on neurodegenerative disease 
are also well documented58,59 and neuroinflammation is implicated 
in this process60. We therefore propose that policies to limit carbon 
emissions will not only improve the global climate, but also preserve 
our immune systems and their ability to protect against current and 
emerging pathogens and to maintain tissue health and integrity.

In conclusion, our results provide direct evidence that the environ-
ment can have cumulative and adverse effects on our immune system 
with age. We show how environmental pollutants specifically target 
immune cells within lymphoid organs, which carry out essential immune 
surveillance functions. These findings can inform how we monitor and 
study our immune system—in health and disease and with age.
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Methods
Human samples
LN tissues were obtained from brain-dead organ donors through an 
approved protocol and material transfer agreement with LiveOnNY, 
the local organ procurement organization for the New York metro-
politan area, as previously described21,24. Tissues for this study were 
obtained from donors with no history of asthma and who were negative 
for SARS-CoV-2, cancer, hepatitis B and C and human immunodeficiency 
virus. We also selected for donors who were indicated in the donor 
information sheet as being non-smokers and/or with no history of heavy 
smoking (>20 packs for >1 year or more) where indicated (82/84 donors). 
A list of the donors used in this study, along with information on their 
age and sex, is provided in Extended Data Table 1. This study does not 
qualify as having performed research on human participants because 
the tissues were obtained from deceased (brain-dead) organ donors, 
as confirmed by the Institutional review board at Columbia University.

Preparation of cell suspensions from tissue samples
Following procurement, organs were transported to the laboratory and 
maintained in cold media supplemented with 5% fetal bovine serum 
(FBS) and penicillin/streptomycin with glutamine. LN tissues were dis-
sected out from the lungs or intestines, cleaned of fat and connective 
tissue, chopped into pieces and incubated with RPMI media (Thermo 
Fisher Scientific) containing collagenase D (Sigma–Aldrich) and DNase 
(Sigma–Aldrich) for 60 min at 37 °C. Cells were isolated with additional 
mechanical digestion and density gradient centrifugation, with high 
yields of live cells, as previously described23,25.

Tissue preparation for confocal imaging
Dissected LN tissues were fixed in paraformaldehyde, lysine and perio-
date buffer (PLP; 0.05 M phosphate buffer, 0.1 M l-lysine (pH 7.4), 
2 mg ml−1 NaIO4 and 10 mg ml−1 paraformaldehyde) overnight at 4 °C 
(Supplementary Table 3). The following day, tissues were dehydrated in 
30% sucrose overnight at 4 °C and subsequently embedded in Optimal 
Cutting Temperature compound. Donor LNs bearing identification 
numbers of <410 were fixed in phosphate-buffered saline (PBS) solution 
with 1% paraformaldehyde and 0.1 M l-lysine, incubated in 20% sucrose 
at 4 °C and subsequently embedded in Optimal Cutting Temperature 
compound. Frozen tissues were sectioned using a Leica 3050 S cryostat 
at 20 μm thickness. Intracellular staining media was prepared with PBS 
containing 2% goat serum, 2% FBS, 0.05% Tween-20 and 0.3% Triton-X. 
Tissues were blocked with Human TruStain FcX (BioLegend; 1:100 
dilution) in intracellular staining media for 1 h at room temperature. 
Sections were washed with the intracellular staining buffer and stained 
with the indicated antibodies (Supplementary Table 2) at 1:25 dilution 
for 1 h at room temperature. Cytokine staining was performed with 
their corresponding isotypes to eliminate any signal due to non-specific 
binding. Images were acquired with a Nikon Eclipse Ti inverted confocal 
microscope using the dry 20× objective. For fluorescence detection, 
the following lasers were used: 405, 488,561 and 638 nm. For imaging 
of whole LN sections, 70–400 20× images were acquired depending on 
the size of the LN, then computationally stitched using NIS-Elements 
software (Nikon). Single 20× images were imaged in 2 μm 3× Z-steps. 
Images were analyzed using Imaris software (Bitplane, Oxford Instru-
ments; version 9.5/9.6), including spot, surface, shortest distance, 
circularity, isosurfacing and pseudocoloring functions.

Flow cytometry
LN cells were enriched for CD3− cells using biotin-conjugated anti-CD3 
and an EasySep Human Biotin Positive Selection Kit II (STEMCELL Tech-
nologies; Supplementary Table 3). Following enrichment, LN cells were 
resuspended in FACS buffer (PBS, 5% FBS and 0.5% sodium azide) and 
stained for surface markers at a 1:100 dilution for 20 min at 4 °C (Sup-
plementary Table 2). For intracellular staining, cells were resuspended 
with Fixation/Permeabilization Concentrate and incubated for 60 min 

at room temperature as indicated in the Tonbo Biosciences Transcrip-
tion Factor Staining Buffer Kit (TNB-0607-KIT). Cells were washed with 
permeabilization buffer, resuspended in the permeabilization buffer 
with antibodies at a 1:100 dilution and incubated for 60 min at room 
temperature. Cells were then washed and resuspended in FACS buffer, 
then analyzed by flow cytometry using a BD LSR II cytometer (Becton 
Dickinson) and the data were analyzed using FlowJo software (Tree 
Star version 10.7.1). To generate the heat map of marker expression, 
geometric mean fluorescence intensities for each surface marker were 
exported from FlowJo, normalized to the average expression of each 
marker across the subsets and plotted in Python using the seaborn 
package.

Phagocytosis assay
The human macrophage line THP-1 (kindly provided by S. Ghosh) 
was maintained in RPMI 1640 medium supplemented with 10% FBS 
and 10,000 IU penicillin (per ml), 10,000 µg ml−1 streptomycin and 
29.2 mg ml−1 l-glutamine (Thermo Fisher Scientific). THP-1 cells 
(4 × 104) were differentiated using (400 nM) Phorbol 12-myristate 
13-acetate (Sigma–Aldrich) for 3 d in 6-well plates and the cells were 
rested overnight in fresh media (RPMI 1640 medium supplemented 
with 10% FBS and 10,000 IU penicillin (per ml), 10,000 µg ml−1 strep-
tomycin and 29.2 mg ml−1 l-glutamine). Atmospheric particulates 
purified from air filters and analyzed by the National Institute of 
Standards and Technology26 were purchased from Sigma–Aldrich. 
To test the uptake of particulates, differentiated THP-1 cells were 
incubated in fresh media with black particulates (0.0006 g ml−1) for 
6 h at 37 °C. Following incubation, cells were washed twice to remove 
all of the free-floating particulates and were rested overnight in fresh 
media. To assess phagocytosis, differentiated THP-1 cells without 
particulates (control) and with particulates were cultured in live 
imaging solution with pHrodo Red E. coli BioParticles, according 
to the manufacturer‘s protocol, at 4 °C (control condition) or 37 °C 
(experimental condition) for 90 min. Fresh live imaging solution 
was added to the cells and they were imaged immediately using 
confocal microscopy.

Statistical analysis
Statistical analysis was performed using Prism 8.2.0 (GraphPad) with 
the exception of the multivariable regression analysis, which was done 
using Excel version 16.54. For correlations with age, Pearson’s correla-
tion was used, and Pearson’s R values and their associated P values are 
included in the figures. Statistical comparisons between two groups 
were performed using a Student’s t-test. To assess differences between 
cytokine production and Ki-67 in macrophages with and without par-
ticulates, we used repeated measures two-way analysis of variance 
(ANOVA). To further assess the differences in cytokine production, mul-
tivariable regression analysis was used to control for particulate- and 
age-related effects. Where noted, three or more groups were analyzed 
using one-way ANOVA, two-way ANOVA or mixed-effects analysis with 
Tukey’s post-hoc test. As indicated in the captions, the use of asterisks 
to indicate significance as determined in Prisms was as follows: ns: 
p>0.05; * p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.

Code availability
The Python code used to analyze B cell circularity is avail-
able from GitHub (https://github.com/Ironhorse1618/Python3
.7-Imaris-XTensions).
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Extended Data Fig. 1 | Carbon particulate content in different lymph nodes 
is similar between males and females. Carbon particulate content in the lung-
associated lymph node (LLN) and mesenteric lymph node (MLN) of donors from 

Fig. 1 stratified by sex. Data from 16–19 donors per site. Significance calculated 
by student T-test (two-tailed). Data presented as the mean ± SEM. N.S.: not 
significant by student’s t-test.
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Extended Data Fig. 2 | Particulate uptake occurs within CD11c+ macrophages 
but not dendritic cells (DC). a. Confocal image of human LLNs stained for MHCII 
(HLA-DR), CD11c, and CD141 expression to identify DC (CD11c+HLA-DR+CD141+) 
shown with overlay of brightfield (left columns) for visualizing particulates 
(middle and right columns). Representative images were taken from 5 donors. 
Scale bar: 50 um. b. Confocal image of human LLNs stained for macrophage 
markers CD68 and CD169 along with CD11c. The image on the left show with 
overlay of brightfield (left columns) to show localization of particulates (white). 
The image on the right shows the CD68 and CD11c expression on macrophages. 

Representative images were taken from 6–9 donors per age group (≤39,40–64 
and ≥65 yrs). Scale bar: 50–100 um. c. Graphs shows particulate content in 
specific macrophage subsets for different age groups, quantitated using 
Imaris software. Significance calculated by 2-way ANOVA with Tukey’s posttest, 
*P < 0.05, ****P < 0.0001. Significance for 40–64:  
CD68+CD169−CD11c+ vs. CD68+CD169+CD11c+ P = 0.0144, CD68+CD169−CD11c+  
vs. CD68−CD169+CD11c+ P = 0.0316; 65 ≤ : CD68+CD169−CD11c+ vs.  
CD68+CD169+CD11c+ P = < 0.0001, CD68+CD169−CD11c+ vs. CD68−CD169+CD11c+  
P = < 0.0001. Data presented as the mean ± SD. Data are from 17 donors.
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Extended Data Fig. 3 | Gating strategy. Flow cytometry gating for CD68+CD169−, CD68−CD169+, and CD68+CD169+ macrophage subsets following gating on live, 
singlet, and CD45+ cells.
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Extended Data Fig. 4 | CD68−CD169+ macrophages in LN do not exhibit 
alterations in functional marker expression with age. a. Frequency of 
CD68−CD169+ macrophages in LLN (n = 21) and MLN (n = 19) over age. Linear  
regression with Pearson correlation (two-tailed). Pearson r, *P < 0.033, **P < 0.005  
and ***P < 0.001. Data presented as the mean ± 95% CI. b. Expression of functional  

markers CD80/86, CD36, and CD209 expression on CD68-CD169+ macrophages  
over age by flow cytometric analysis of LLNs (n = 21, left column) and MLNs  
(n = 19, right column). Linear regression with Pearson correlation (two-tailed).  
Pearson r, *P < 0.033. Data presented as the mean ± 95% CI.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Particulates inhibit phagocytosis but do not alter 
age-associated effects on proliferation. a. Particulate containing THP-1 
macrophages cannot phagocytose fluorescent pHrodo beads. Representative 
images of differentiated THP-1 cells previously incubated with (+) or without 
(-) black particulates subsequently cultured with pHrodo beads at 37 °C or 
4 °C for 90 minutes. Confocal image of THP-1 cells imaged for pHrodo beads 

and brightfield. Yellow arrows indicate THP-1 cells. Scale bar: 50um. Image is 
representative of two experiments. (n = 9−12 wells/condition). b. Imaging data 
from Fig. 3g analyzed for Ki67+ CD68+CD169− macrophages that are within or 
outside the black particulate area. Significance assessed with paired T-test (two-
tailed). Data are from 13 donors (2–7 single images for each donor).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Particulate-containing CD68+CD169− macrophages 
induce an immunoregulatory environment in the LLNs. a. Confocal image of 
human LLNs stained for CD68, CD169, and Arginase-1 from donors of indicated 
ages. Arrows show representative CD68+CD169− macrophages with particulates 
(magenta) or without particulates (orange). Representative images were taken 
from 2–6 donors (2–4 images/donor) per age group (≤39,40–64 and ≥65 yrs). 
Scale bar: 20 um. b. Graph shows paired frequencies of Arg-1+CD68+CD169− 
macrophages with or without particulates calculated using Imaris software. 
Significance assessed with repeated measures ANOVA. Significance for 
≤39 yrs P = 0.059, 40–64 years P = 0.0088, ≥65 years P = 0.9969. Data are from 
13 donors (2–4 single images for each donor). c. Graph shows frequency of Arg-
1+CD68+CD169− macrophages with or without particulates over age calculated 
using Imaris software. (n = 13). Linear regression with Pearson correlation 

(two-tailed). Pearson r, n.s. Data presented as the mean ± 95% CI. d. Confocal 
image of human LLNs stained for CD68, CD169, and IL-6 from donors of indicated 
ages. Arrows show representative CD68+CD169− macrophages with particulates 
(magenta) or without particulates (orange). Representative images were taken 
from 4–5 donors (2–4 images/donor) per age group (≤39,40–64 and ≥65 yrs). 
Scale bar: 20 um. e. Graph shows paired frequencies of IL-6+CD68+CD169− 
macrophages with or without particulates calculated using Imaris software. 
Significance assessed with repeated measures ANOVA. Significance for 
≤39 yrs P = < 0.0001, 40–64 years P = 0.0037, ≥65 years P = 0.0002. Data are 
from 14 donors (2–4 single images for each donor) f. Graph shows frequency 
IL-6+CD68+CD169− macrophages with or without particulates over age calculated 
using Imaris software. (n = 14). Linear regression with Pearson correlation (two-
tailed). Pearson r, n.s. Data presented as the mean ± 95% CI.
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Extended Data Table 1 | Organ donors used in this study
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