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Influenza-trained mucosal-resident alveolar 
macrophages confer long-term antitumor 
immunity in the lungs

Tao Wang1,2, Jinjing Zhang1,2, Yanling Wang1,2, Ying Li1,2, Lu Wang1,2, Yangle Yu1,2  
& Yushi Yao    1,2 

Respiratory viral infections reprogram pulmonary macrophages with 
altered anti-infectious functions. However, the potential function 
of virus-trained macrophages in antitumor immunity in the lung, a 
preferential target of both primary and metastatic malignancies, is not 
well understood. Using mouse models of influenza and lung metastatic 
tumors, we show here that influenza trains respiratory mucosal-resident 
alveolar macrophages (AMs) to exert long-lasting and tissue-specific 
antitumor immunity. Trained AMs infiltrate tumor lesions and have 
enhanced phagocytic and tumor cell cytotoxic functions, which are 
associated with epigenetic, transcriptional and metabolic resistance to 
tumor-induced immune suppression. Generation of antitumor trained 
immunity in AMs is dependent on interferon-γ and natural killer cells. 
Notably, human AMs with trained immunity traits in non-small cell lung 
cancer tissue are associated with a favorable immune microenvironment. 
These data reveal a function for trained resident macrophages in 
pulmonary mucosal antitumor immune surveillance. Induction of trained 
immunity in tissue-resident macrophages might thereby be a potential 
antitumor strategy.

Innate myeloid cells, including macrophages and monocytes, have the 
potential for enhanced responsiveness to secondary stimulation1–7. 
Such phenotypes in innate myeloid cells are now collectively termed 
‘trained immunity’8,9. Owing to the lack of strict antigen/pathogen 
specificity of the response, trained innate cells have enhanced immune 
responses to a variety of heterologous stimulants8. Depending on the 
nature and route of introduction of primary stimulation, trained immu-
nity can develop either systemically in hematopoietic progenitors and 
circulating monocytes or locally in tissue-specific macrophage popu-
lations3,10,11. Although trained macrophages have been widely studied 
for their anti-infectious functions in both humans and experimental 
animals, the potential function in antitumor immunity (particularly at 
specific tissue sites) is less clear12–15.

Tissue-resident macrophages have been shown to be a major 
source of tumor-associated macrophages (TAMs) in both humans 
and mice, and resident macrophage-derived TAMs have critical func-
tions in oncogenesis at specific tissue sites, such as the lung, liver and 
pancreas16–19. As the most abundant leukocyte subset in tumor lesions, 
TAMs can have protumor functions via a variety of mechanisms, includ-
ing immunosuppression and angiogenesis20. Alternatively, TAMs can 
be conditioned for antitumor functions via phagocytosis, presenta-
tion of tumor antigens and secretion of antitumor molecular media-
tors21,22. Therefore, the functional status of resident macrophages 
via generating resident macrophage-derived TAMs is a deciding fac-
tor of tumor development and progress at specific tissue sites. Cur-
rent macrophage-targeting therapies rely on the short-term effect of 
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inoculation in the lung, we quantified tumor cells in the lung at 30 min 
and 24 h after i.v. injection of B16-luc cells expressing green fluores-
cent protein (GFP)27,35. By quantifying gene transcripts of premelano-
some (Pmel), dopachrome tautomerase (Dct)34 and luciferase as well 
as the numbers of CD45–GFP+ B16 cells, we showed comparable early 
tumor burdens in the lungs between PBS-treated and IAV-infected 
mice (Extended Data Fig. 2c,d). These data suggest that the antitumor 
phenotype in IAV-exposed lungs is not due to reduced initial delivery 
or inoculation of tumor cells.

Importantly, such an antitumor phenotype was consistently 
observed when tumor cells were inoculated on days 60 and 120 after 
IAV infection (Extended Data Fig. 2e–h and Fig. 1i–l), suggesting a 
long-lasting antitumor immunity induced by acute IAV infection. 
Moreover, we found that acute AdV infection induced a comparable 
antitumor phenotype (Extended Data Fig. 2i–l), suggesting that such 
a virus-induced antitumor immunity is not limited to IAV. IAV-induced 
antitumor immunity was not observed when tumor cells were subcu-
taneously (s.c.) inoculated (Extended Data Fig. 2m–p). In a mouse s.c. 
4T1 breast cancer model with spontaneous lung metastasis, we further 
showed that IAV-infected mice had reduced metastatic tumor burdens 
in the lung compared to uninfected mice, although tumors at pri-
mary injection sites were comparable between the two groups of mice  
(Fig. 1m–o and Extended Data Fig. 2q). To exclude the roles of systemic 
trained immunity, such as trained granulopoiesis in bone marrow (BM) 
progenitors with antitumor functions15, in IAV-induced antitumor 
protection, we transplanted BM cells from naive or day 30 IAV-infected 
mice to naive syngeneic hosts (Extended Data Fig. 2r). Host mice were 
inoculated i.v. with B16 cells after donor BM reconstitution (Extended 
Data Fig. 2s). There was no difference in B16 tumor burden in the lungs 
of mice receiving BM from naive versus IAV mice (Extended Data  
Fig. 2t,u). These data collectively indicate that respiratory viral infec-
tions induce antitumor immunity specifically in the lung tissues long 
after resolution of primary acute anti-infectious immune responses.

Virus-exposed AMs respond to tumors in the lungs
To study whether IAV-induced antitumor immunity is dependent on 
adaptive T cells, in particular activated T cells with bystander defense 
activities, we depleted both CD4+ and CD8+ T cells in vivo from day 
29 after IAV infection to the experimental endpoint, with B16 cell 
inoculation on day 30 after infection (Fig. 2a and Extended Data  
Fig. 3a,b). We found that IAV-induced antitumor immunity in the lung 
was intact after T cell depletion, as demonstrated by lung macroscopic 
and histopathological observations (Fig. 2b–e). These data suggest 
that IAV-induced antitumor immunity in the lung is independent of 
adaptive T cells.

Macrophages play critical roles in tumor progress, and respira-
tory viral infection was shown to induce trained immunity in AMs with 
enhanced responsiveness against heterologous stimulants11,17,18. To 
directly examine the role of virus-exposed AMs in antitumor immu-
nity, we administered clodronate liposomes intratracheally (i.t.) on 

therapeutics23–25. Little is known about whether long-lasting antitu-
mor reprogramming can be achieved in macrophages, in particular in 
self-sustaining resident macrophages.

The lungs are a preferential target organ of both primary and 
metastatic malignancies26–28. Alveolar macrophages (AMs), a subset of 
lung-resident and self-sustaining macrophages of embryonic ontog-
eny, have been shown to have critical effects in lung malignancies17,18,29. 
Meanwhile, the lungs are often exposed to a variety of respiratory 
pathogens, including viral pathogens such as influenza virus, adenovi-
rus (AdV) and coronavirus30,31. Respiratory viruses typically cause acute 
infection and have been shown to induce trained immunity in AMs with 
long-lasting anti-infectious functions11,32. Despite these important find-
ings, the potential role of respiratory viral infection-induced trained 
AMs in lung malignancies is not well characterized.

Here, we show (in mouse models) that after recovery from influ-
enza A virus (IAV) infection, the lungs are capable of long-lasting anti-
tumor immunity. IAV-exposed resident AMs have cardinal features of 
trained immunity and have enhanced phagocytic and tumor cytotoxic 
functions. Together, these findings show that tissue-resident trained 
macrophages have long-lasting antitumor innate immune functions at 
specific tissue sites and indicate that modulation of trained immunity 
in tissue-resident macrophages might be an antitumor strategy with 
long-term effects.

Results
Acute IAV infection induces long-lasting pulmonary 
antitumor immunity
To study the long-term effect of acute IAV infection on pulmonary 
antitumor immunity, wild-type (WT) C57BL/6 mice were infected intra-
nasally (i.n.) with a sublethal dose of IAV. As previously described33, IAV 
infection induces respiratory inflammation, characterized by acute 
leukocyte infiltration, production of proinflammatory cytokines and 
transient body weight loss, that was resolved by around 2 weeks after 
infection (Extended Data Fig. 1a–e). At 30 d after infection, mice were 
injected intravenously (i.v.) with luciferase-expressing B16 melanoma 
cells (B16-luc) to inoculate tumor cells in the lungs (Fig. 1a). Compared 
to uninfected mice (PBS), significantly prolonged survival was observed 
in IAV-infected mice (Fig. 1b). Lung tumor burdens were also found to be 
lower in IAV-infected mice, as demonstrated by reduced B16-luc-specific 
gene transcripts of premelanosome (Pmel)34 and luciferase in the lung 
(Extended Data Fig. 2a) and reduced luciferin tumor signals in the lung 
area (Fig. 1c,d). Consistent with in vivo tumor imaging observations, 
macroscopic evaluation of the lungs at the experimental endpoint 
showed a drastic reduction of visible B16 tumor nodules in lung lobes 
in IAV mice compared to that observed in PBS mice (Fig. 1e,f). Lung 
histopathology also showed lower percentages of lung area occupied 
by tumor lesions in IAV-infected mice (Fig. 1g,h). In IAV-infected lungs, 
we observed sporadic consolidation of lung tissues where collagen 
deposition was evident (Extended Data Fig. 2b). To assess whether 
reduced lung tumor burden in IAV mice is due to reduced initial tumor 

Fig. 1 | Acute IAV infection induces long-lasting pulmonary antitumor 
immunity. a, Schema of i.n. IAV infection in mice followed by i.v. inoculation of 
luciferase-expressing B16-luc melanoma cells. b, Survival curve of uninfected 
(PBS) and IAV-infected mice after tumor inoculation. c,d, Luciferin-based in 
vivo tumor imaging (c) and average radiance of luciferin signals in the lung  
area at different days (days 14 to 25) after tumor inoculation in PBS-treated  
and IAV-infected mice (d; the red X in c indicates death of the animal).  
e,f, Macroscopic evaluation of the lungs (e) and number of macroscopically 
visible B16 tumor nodules on the surface of lung lobes from PBS- and 
IAV-infected mice (f). g,h, Representative lung histopathology images 
(g) and percentage of lung area occupied by tumor lesions based on lung 
histopathological analysis in mice shown in e (h). i,j, Macroscopic evaluation  
of the lungs (i) and number of macroscopically visible B16 tumor nodules  
on the surface of lung lobes from PBS- and IAV-infected (IAVd120) mice (j).  

k,l, Representative lung histopathology images (k) and percentage of lung 
area occupied by tumor lesions based on lung histopathological analysis in 
mice shown in i (l). m, Schema of IAV infection in BALB/c mice followed by s.c. 
inoculation of 4T1 breast cancer cells. n,o, Representative lung histopathology 
images (n) and percentage of lung area occupied by tumor lesions based on 
lung histopathological analysis in mice shown in n (o). Arrows in n indicate 
4T1 metastatic tumor lesions. Bar graphs are presented as mean ± s.d. Data 
are representative of three (e–h) or two (b–d, i–l, n and o) independent 
experiments, with the numbers of mice per group indicated (n = 11 per group 
in b and d; n = 5 mice per group in f and h; n = 5 PBS-treated mice and n = 7 mice 
in the IAVd120 group in j and l; n = 4 mice in the PBS group and n = 6 mice in the 
IAV group in o). A two-tailed Student’s t-test was performed for comparisons 
between two groups. A log-rank (Mantel–Cox) test was used for comparison  
of survival curves.

http://www.nature.com/natureimmunology


Nature Immunology | Volume 24 | March 2023 | 423–438 425

Article https://doi.org/10.1038/s41590-023-01428-x

day 29 after IAV infection to deplete resident AMs, followed by tumor 
cell inoculation on day 30 (Fig. 2f and Extended Data Fig. 3c). Addi-
tional doses of clodronate liposomes were administered i.v. to deplete 

potential monocytic progenitors of AMs (Fig. 2f). Lung macroscopic 
and histopathological analyses at the experimental endpoint showed 
that depletion of AMs abrogated the IAV-induced antitumor phenotype 
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(Fig. 2g–j), suggesting a critical requirement of virus-exposed AMs in 
mediating antitumor immunity.

To further show the critical role of virus-exposed AMs in antitumor 
immunity, we isolated AMs from naive or IAV-infected mice on day 30 
after infection (Fig. 2k). Isolated AMs were immediately adoptively 
transferred i.t. into naive syngeneic host mice, followed by inoculation 
with luciferase-expressing B16-luc cells i.v. (Fig. 2k). On day 17 after 
tumor inoculation, luciferin-based in vivo tumor imaging showed 
significantly reduced tumor signals in the lung area of mice receiving 
IAV-exposed AMs compared to those receiving naive AMs (Fig. 2l,m). 
Reduced tumor burden in the lungs was also evident in lung macro-
scopic and histopathological analyses (Fig. 2n–q). Our data thus far 
indicate that IAV induces long-lasting antitumor innate immunity in 
the lung, which is mediated by virus-exposed AMs.

IAV infection induces trained immunity in AMs
To characterize AMs from virus-exposed mice, AMs from uninfected 
or IAV-infected mice were analyzed on day 30 after infection by using a 
multitude of approaches (Fig. 3a). RNA sequencing (RNA-seq) in puri-
fied AMs showed differentially expressed gene transcripts between PBS 
and IAV AMs, with the transcription of 1,916 genes markedly upregu-
lated and 1,679 downregulated in IAV AMs (Fig. 3b). Moreover, Gene 
Ontology (GO) enrichment of cluster-specific marker genes revealed 
upregulation of gene transcripts associated with immune activa-
tion and effector functions in IAV AMs (Fig. 3c). In addition to drastic 
changes in transcriptional profiles, flow cytometry analysis showed 
that IAV-exposed AMs expressed higher levels of major histocompat-
ibility complex class II (MHC class II) than those from uninfected mice  
(Fig. 3d). Importantly, IAV-exposed AMs secrete higher amounts of 
proinflammatory cytokines/chemokines, including tumor necrosis 
factor (TNF), interleukin-6 (IL-6) and macrophage inflammatory protein 
2 (MIP-2), following ex vivo stimulation with lipopolysaccharide (LPS) 
or live Streptococcal pneumoniae that is antigenically irrelevant to IAV 
(Fig. 3e). By using assay for transposase-accessible chromatin with high 
throughput sequencing (ATAC-seq) in purified AMs, we showed that 
chromatin accessibility in 1,725 genes was increased, and chromatin 
accessibility of 328 genes decreased in IAV versus PBS AMs (Fig. 3f and 
Extended Data Fig. 4a). GO enrichment of cluster-specific marker genes 
showed increased chromatin accessibility of genes related to immune 
activation and effector functions of macrophages in IAV AMs (Fig. 3g). 
In support of upregulated MHC class II and enhanced potential of  
proinflammatory mediator production (Fig. 3d,e), ATAC-seq also 
showed increased chromatin accessibility of genes including MHC 
class II genes, Tnf and Cxcl2 in IAV AMs (Extended Data Fig. 4b). Gene 
set enrichment analysis (GSEA) for ATAC-seq signal changes of genes 
showed enrichment of pathways closely related to trained immunity 
in AMs, including glycolysis process and the PI3K–Akt, HIF-1 and mTOR 
signaling pathways (Extended Data Fig. 4c–f). Moreover, IAV AMs 
showed markedly increased ex vivo oxygen consumption rates (OCRs) 
and extracellular acidification rates (ECARs) compared to PBS AMs, 

indicating prolonged metabolic rewiring (Extended Data Fig. 4g–j). 
These data collectively suggest that IAV-exposed AMs demonstrate 
cardinal features of trained immunity.

We next sought to assess whether IAV infection induces protection 
against heterologous bacterial infection in mice, as we have previously 
shown in an AdV infection model11. To do this, IAV-infected or unin-
fected mice were challenged i.t. with a lethal dose of S. pneumoniae on 
day 30 after IAV infection. Compared to IAV-naive mice, IAV-infected 
mice had improved survival and reduced lung bacterial burdens  
(Fig. 3h,i). These data indicate that IAV-trained AMs are associated 
with enhanced antibacterial immunity in the lung, further supporting 
a trained immunity phenotype in IAV-exposed AMs. To assess whether 
such an IAV-induced antibacterial trained immunity is contradictory 
to the well-recognized roles of IAV in bacterial superinfection, we also 
challenged mice with S. pneumoniae i.t. on day 7 after IAV infection 
(Extended Data Fig. 5a). At this time point, IAV-infected mice showed 
increased body weight loss and illness scores and succumbed to bac-
terial superinfection compared to IAV-naive mice (Extended Data  
Fig. 5b–d). These data suggest that acute-phase IAV infection is associ-
ated with bacterial superinfection, while in the immune memory phase 
after IAV infection, trained AMs exert enhanced antibacterial functions. 
Our data thus far collectively suggest that IAV infection induces trained 
immunity in AMs with long-lasting antitumor functions.

IAV-trained AMs develop independently of circulating 
monocytes
Previous studies suggest that trained AMs are generated either from 
embryonic-derived resident AMs or from circulating monocytic pre-
cursors that reconstitute the lung tissues during inflammation11,32,36. 
To study the cellular ontogeny of IAV-trained AMs, we compared the 
expression of characteristic cell surface markers, including CD11b, 
Ly6C, CD64, CD11c and Siglec-F, in IAV AMs to those in circulating 
monocytes and embryonic-derived AMs from naive (PBS) mice  
(Fig. 4a). IAV AMs expressed these selected markers at levels  
similar to those observed in PBS AMs but with drastic differences 
observed in monocytes (Fig. 4a). We also compared the RNA-seq 
profiles of embryonic-derived signature genes in PBS versus IAV  
AMs (Fig. 4b)36. IAV AMs expressed the majority of embryonic-derived 
signature genes at levels similar to those observed in embryonic- 
derived PBS AMs (Fig. 4b). These data support the hypothesis that 
IAV-trained AMs are generated from embryonic-derived resident 
AMs but not monocytes.

To further show the independence of monocytes in IAV-trained 
AMs, we administered IAV i.n. to Ccr2−/− mice lacking Ly6Chi circulat-
ing monocytes, the major contributor of monocyte-derived AMs11. 
On day 30 after infection, nearly identical numbers of trained AMs 
with comparable phenotypic and functional changes were observed 
in Ccr2−/− and WT mice (Fig. 4c–e). We also infected parabiotic mice 
with IAV and examined the levels of chimerism in AMs after infec-
tion (Fig. 4f ). As expected, chimerism of circulating monocytes 

Fig. 2 | Virus-exposed AMs respond to tumors in the lungs. a, Schema of 
continuous CD4+ and CD8+ T cell depletion in IAV-infected mice inoculated 
i.v. with B16 melanoma cells. b,c, Macroscopic evaluation of the lungs (b) and 
number of macroscopically visible B16 tumor nodules on the surface of lung 
lobes after tumor inoculation from uninfected (PBS) or IAV-infected mice or 
IAV-infected mice with T cell depletion (IAVTdepl; c). d,e, Representative lung 
histopathology images (d) and percentage of lung area occupied by tumor 
lesions in mice shown in b (e). f, Schema of AM depletion in PBS-treated (PBSAM 

depl) and IAV-infected (IAVAM depl) mice at day 30 followed by inoculation of B16 
melanoma cells in the lung. g,h, Macroscopic evaluation of the lungs (g) and 
number of macroscopically visible B16 tumor nodules on the surface of lung 
lobes after tumor inoculation from PBS- or IAV-infected mice with or without AM 
depletion (h). i,j, Representative lung histopathology images (i) and percentage 
of lung area occupied by tumor lesions in mice shown in g (j). k, Schema of 

adoptive transfer of AMs isolated from PBS- or IAV-infected mice at day 30 i.t. 
into naive recipient mice followed by inoculation of B16 melanoma cells in the 
lungs of recipients. l,m, Luciferin-based in vivo tumor imaging (l) and average 
radiance of luciferin signals in the lung area in mice receiving PBS AMs or IAV AMs 
(m). n,o, Macroscopic evaluation of the lungs (n) and number of macroscopically 
visible B16 tumor nodules on the surface of lung lobes from mice shown in l (o). 
p,q, Representative lung histopathology images (p) and percentage of lung 
area occupied by tumor lesions in mice shown in l (q). Bar graphs are presented 
as mean ± s.d. Data are representative of two independent experiments, with 
the numbers of mice per group indicated (n = 5 mice per group in c, e, h and j; 
n = 4 PBS AM mice and n = 5 IAV AM mice in m, o and q). A two-tailed Student’s 
t-test was performed for comparisons between two groups. A one-way ANOVA 
followed by a Tukey test was performed to compare more than two groups.
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was consistently over 30% in both uninfected and IAV-infected mice  
(Fig. 4g,h). In sharp contrast, there was minimal chimerism (~1% on 
average) of AMs in either uninfected or day 30 IAV-infected mice 

(Fig. 4i,j). By using an i.v. anti-CD45 staining strategy to exclude 
cells in the lung vasculature, we observed that chimerism of intersti-
tial macrophages (IMs) in the lung interstitium was far higher than 
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that of AMs (Fig. 4k,l), supporting the monocytic ontogeny of IMs. 
These data indicate that IAV-trained AM generation is independent 
of monocytes.

IAV infection induced acute loss of AMs, with a nearly 90% reduc-
tion in AM cell number by around 1 week after infection, and the AM 
population started to recover between days 9 and 11 after infection 
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(Extended Data Fig. 1c). By using a similar parabiosis approach, we 
showed minimal chimerism in AMs even on day 9 after infection when 
niches of AMs were presumably vacant (Fig. 4m). These data point 
to the possibility that recovery of the AM population after IAV infec-
tion was achieved through autonomous proliferation of surviving 
embryonic-derived AMs. To analyze the proliferation status of AMs at 
this time point in situ, we performed BrdU incorporation analysis in 
AMs before infection and on days 9 and 11 after IAV infection. On aver-
age, around 10% of AMs incorporated BrdU before infection (Fig. 4n). 
On day 9 after infection, only 2% of AMs incorporated BrdU (Fig. 4n). 
Surprisingly, on day 11 after infection, as high as >50% of AMs incorpo-
rated BrdU (Fig. 4n). These data suggest that although IAV infection 
causes substantial loss of AMs, their numbers recover after resolu-
tion of acute inflammation via vigorous proliferation of IAV-exposed 
embryonic-derived resident AMs, through which tissue-specific trained 
immunity in AMs is generated.

Trained AMs have enhanced phagocytic and tumor cytotoxic 
functions
Previous studies suggest that tissue-resident macrophages represent a 
major source of TAMs and play key roles in oncogenesis in their respec-
tive tissues of residence, including the lung, liver and pancreas16,17,19. 
We went on to address whether trained AMs infiltrate tumor lesions 
in the lung. By using confocal microscopy in immunostained lung sec-
tions, we observed abundant Siglec-F+CD11c+ AMs in juxtaposition 
with B16 melanoma cells in lung tumor lesions (Fig. 5a). Notably, there 
were higher numbers of tumor cell phagocytosis events by IAV-trained 
AMs than by IAV-naive (PBS) AMs (Fig. 5a). These data prompted us to 
hypothesize that trained AMs exert antitumor immunity via enhanced 
phagocytosis and/or tumoricidal functions. In support of this, RNA-seq 
in IAV AMs showed enhanced transcription of gene clusters related 
to phagocytosis, cell killing and the reactive oxygen species (ROS) 
biosynthetic process that are closely related to antitumor functions 
of macrophages (Fig. 5b–d). To further show the antitumor functions 
of trained AMs, we cocultured B16-luc cells with freshly isolated PBS 
or IAV AMs and assessed tumor cell survival (Fig. 5e–g). There were 

significantly reduced numbers of live B16 cells cocultured for 72 h 
with IAV AMs compared to those cocultured with PBS AMs (Fig. 5e,f 
and Extended Data Fig. 6a). Analysis at different time points showed 
that antitumor effects of IAV AMs were only marginal at 24 h but were 
evident at 48 and 72 h of coculture (Fig. 5g).

We found that antitumor effects of IAV AMs were abrogated when 
AMs and tumor cells were separated by transwell (Fig. 5h), supporting 
contact-dependent tumor killing by trained AMs. However, treatment 
with anti-CD47 had minimal effects on antitumor functions of trained 
AMs (Fig. 5i), suggesting that enhanced tumor phagocytosis by trained 
AMs is independent of modulation of ‘don’t eat me’ signals. By using 
flow cytometry analysis in a similar coculture of AMs and B16-GFP cells, 
we further showed that phagocytosis of tumor cells was significantly 
higher in IAV AMs than in PBS AMs (Fig. 5j). Confocal microscopy of 
AM–B16 coculture also showed increased phagocytic events by IAV AMs 
(Fig. 5k,l). Three-dimensional reconstruction of confocal microscopy 
images confirmed that B16 cells were truly engulfed by trained AMs 
(Fig. 5m). These data thus indicate that trained AMs exert antitumor 
functions via enhanced phagocytosis and killing of tumor cells.

To study whether trained AMs kill phagocytosed tumor cells via 
macrophage cell death, we measured potential cell death of PBS or 
IAV AMs cocultured with B16 cells for 48 h. There were no changes in 
Annexin V+propidium iodide+ (Annexin V+PI+) or Annexin V+PI− AMs 
before versus after coculture, suggesting that tumoricidal functions in 
trained AMs are independent of AM cell death (Extended Data Fig. 6b). 
A recent study showed that enhanced fatty acid oxidation is essential 
for macrophage antitumor activity24. We therefore asked whether 
enhanced mitochondrial oxidation in trained AMs (Extended Data  
Fig. 4g,h) is critical to their enhanced tumoricidal functions. We 
found that IAV AMs showed enhanced OCRs compared to PBS AMs 
both before and after coculture with B16 cells for 48 h (Extended Data  
Fig. 6c,d). To further show the significance of enhanced OCR in tumori-
cidal functions of trained AMs, we used etomoxir (an inhibitor of fatty 
acid oxidation) and UK5099 (an inhibitor of the glucose oxidation 
pathway) either alone or in combination to suppress mitochondrial oxi-
dation in AMs (Extended Data Fig. 6e,f). Reduced tumor cell killing was 

Fig. 4 | IAV-trained AMs develop independently of circulating monocytes.  
a, Representative flow cytometry histograms of surface molecules on peripheral 
blood monocytes and AMs from uninfected (PBS) or IAV-infected mice.  
b, Relative transcription levels of embryonic-derived signature genes in PBS 
or IAV AMs (n = 3 mice per group). c, Numbers of AMs in WT or Ccr2-knockout 
(Ccr2–/–) mice on day 30 after IAV infection (n = 3 or 4 mice per group as 
indicated). d, MHC class II expression in PBS and day 30 IAV AMs in WT or Ccr2−/− 
mice (n = 4 mice per group). e, Concentrations of representative cytokines/
chemokines in supernatants of ex vivo cultured AMs stimulated with LPS (n = 3 or 
4 culture wells per group as indicated). f, Schema of the parabiotic mouse model. 
g,h, Representative flow cytometry dot plots (g) and chimerism of circulating 
monocytes in PBS- or IAV-infected parabiotic mice (h; n = 2 PBS-treated mice and 
n = 6 IAV-infected mice). i,j, Representative flow cytometry dot plots of AMs in 

BAL samples (i) and chimerism of AMs in BAL samples and lungs of parabiotic 
mice (j). k,l, Representative flow cytometry dot plots (k) and chimerism of  
IMs in the lungs of parabiotic mice (l; n = 6 or 4 mice per group as indicated 
in i–l). m, Chimerism of AMs in BAL samples and lungs of PBS- or day 9 IAV-
infected (IAVd9) parabiotic mice (n = 6 mice per group). n, Percentage of BrdU-
incorporating AMs in BAL samples of PBS- or IAV-infected mice on days 9 and 11 
after infection (n = 3 or 4 mice per group as indicated); CD45– cells by intravenous 
staining are shown in i–m. Numbers in g, i and k indicate percent against parental 
gate. Bar graphs are presented as mean ± s.d. Data are representatives of two  
(b–e and g–n) or three (a) independent experiments. A two-tailed Student’s 
t-test was performed for comparisons between two groups. A one-way ANOVA 
followed by a Tukey test was performed to compare more than two groups.

Fig. 3 | IAV infection induces trained immunity in AMs. a, Schema of 
respiratory IAV infection in mice and characterization of AMs on day 30 after 
infection. b, Volcano plots showing RNA transcripts differentially expressed 
(adjusted P value (Padj) of <0.05, | log2 (fold change) | > 0) in AMs from IAV-infected 
mice on day 30 after infection versus those from uninfected (PBS-treated) 
mice. c, GO enrichment of cluster-specific marker gene transcripts (Padj < 0.05) 
related to immune functions that are upregulated in IAV versus PBS AMs. d, Mean 
fluorescence intensity (MFI) and representative flow cytometry histograms 
of MHC class II expression on PBS and day 30 IAV AMs. FMO, fluorescence 
minus one. e, Concentrations of representative proinflammatory cytokines/
chemokines, including TNF, IL-6 and MIP-2, in supernatants of ex vivo cultured 
AMs either unstimulated (unsti) or stimulated with LPS or live S. pneumoniae 
(S.p.). f, ATAC-seq heat maps and metagene plots showing the top 1,000 genes 
with significant gain or loss (FDR < 0.017) of chromatin accessibility in IAV 

versus PBS AMs. g, GO enrichment of ATAC-seq chromatin regions related to 
immune functions with significant (Padj < 0.05) gain of chromatin accessibility 
in IAV versus PBS AMs. h, Survival of PBS- or IAV-infected mice after respiratory 
infection with S. pneumoniae at 5 × 107 c.f.u. per mouse on day 30 after viral 
infection. i, Bacterial burden (c.f.u.) in the lungs at 72 h after bacterial infection 
in PBS- or day 30 IAV-infected mice. Bar graphs are presented as mean ± s.d. Data 
in b, c, h and i are representative of two independent experiments, data in d and 
e are representative of three independent experiments, and data in f and g are 
representative of one experiment, with numbers of mice per group as indicated 
(n = 3 per group in b, c, f and g; n = 5 PBS-treated mice and n = 4 IAV-infected mice 
in d; n = 4 culture wells per group in e; n = 8 per group in h; n = 3 PBS-treated mice 
and n = 5 IAV-infected mice in i). A two-tailed Student’s t-test was performed for 
comparisons between two groups. A log-rank (Mantel–Cox) test was used for 
comparison of survival curves.
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observed in the presence of either etomoxir or UK5099 and was most 
evident with combined etomoxir and UK5099 treatment (Extended 
Data Fig. 6g). As reduced numbers of live B16 cells were observed after 
culture with etomoxir and/or UK5099 (Extended Data Fig. 6h), our data 
indicate that tumoricidal functions of IAV-trained AMs are dependent 
on enhanced mitochondrial oxidation from fatty acids and glucose.

Trained AMs are resistant to tumor-induced 
immunosuppression
Immunosuppression in TAMs induced by the tumor microenvironment 
represents a key mechanism in tumor immune escape. To functionally 
characterize trained AMs in such microenvironments during tumori-
genesis in the lung tissues, AMs were purified after establishment of 
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B16 tumors in the lungs of PBS-treated or IAV-infected mice (Extended 
Data Fig. 7a,b) for ATAC-seq and RNA-seq analysis. ATAC-seq showed 
that in PBS-treated mice, lung tumors induced the loss of chromatin 
accessibility in 1,655 genes and the gain of accessibility in 888 genes 
(PBS-B16 versus PBS; Fig. 6a). Specifically, genes with gain of chromatin 

accessibility included those related to negative regulation of immune 
functions, while genes with loss of chromatin accessibility included 
largely those associated with immune activation pathways (Fig. 6b,c).  
These changes in infection-free AMs indicate that tumor progress 
induced an immune-suppressive microenvironment in the lung.  
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Compared to PBS-B16 AMs, IAV-trained AMs in tumor-bearing lungs 
(IAV-B16) had a gain of chromatin accessibility in 6,516 genes and a loss 
of chromatin accessibility in 1,268 genes (Fig. 6d). KEGG enrichment 
of cluster-specific marker genes comparing IAV-B16 to PBS-B16 AMs 
showed a gain of chromatin accessibility of genes related to immune 
activation and trained immunity, in particular intracellular signal-
ing pathways (Fig. 6e). Notably, GSEA for ATAC-seq signal changes 
of genes comparing IAV-B16 to PBS-B16 AMs showed enrichment of 
pathways closely related to antitumor trained immunity functions 
in AMs, including phagocytosis, cell killing, glycolysis process and 
reactive nitric oxide species metabolic process (Extended Data  
Fig. 7c–f), indicating enhanced antitumor functions in IAV versus PBS 
AMs in the tumor-bearing lung microenvironment. These data sug-
gest that trained, but not naive, AMs are epigenetically resistant to 
the immune-suppressive microenvironment induced by lung tumors.

Heat map and correlation analyses based on RNA-seq data showed 
drastic changes in transcriptional profiles of PBS AMs after tumor 
establishment in the lung (PBS versus PBS-B16; Fig. 6f and Extended 
Data Fig. 7g). By contrast, fewer changes in transcriptional profiles 
were observed in trained AMs before than after tumor inoculation 
(IAV versus IAV-B16; Fig. 6f and Extended Data Fig. 7g). This is further 
supported by GO enrichment of gene clusters showing that immune 
activation-related gene transcripts (cluster C3) that were upregulated 
by IAV remain largely unchanged after tumor establishment in the lung 
(Fig. 6f,g). Specifically, IAV-upregulated gene transcripts associated 
with trained immunity and antitumor functions, including antigen 
processing and presentation, phagocytosis, the Toll-like receptor sign-
aling pathway and nitric oxide biosynthesis process, remain essentially 
unchanged after tumor establishment (Fig. 6h). These data suggest 
that trained AMs are transcriptionally resistant to tumor-induced 
immune-suppressive microenvironments.

Antitumor trained immunity of AMs is dependent on 
interferon-γ (IFNγ) and natural killer (NK) cells
Our previous study showed that AdV-induced generation of trained 
immunity in AMs requires T cell help during the acute phase of the 
primary immune response via IFNγ-dependent mechanisms11. We 
therefore asked whether IAV-induced antitumor trained immunity 

in AMs also requires T cell help and/or IFNγ. To induce AMs that were 
not helped by T cells, we depleted both CD4+ and CD8+ T cells in vivo 
from day 3 after IAV infection to day 30 when B16 melanoma cells were 
inoculated i.v. (Fig. 7a). On day 17 after tumor inoculation, reduced 
tumor burden in the lungs was observed in IAV-infected mice regard-
less of T cell depletion (Fig. 7b–e), suggesting that T cell help is not 
required for IAV-induced antitumor trained immunity in AMs. To study 
the potential role of IFNγ, we infected Ifng-knockout mice (IFNγ−/−) and 
inoculated B16 melanoma cells i.v. on day 30 after infection (Fig. 7f). 
Tumor burden in the lungs was increased in IAV-infected IFNγ−/− mice 
compared to in uninfected mice (Fig. 7g–j). These data suggest that IFNγ 
is required for the enhanced antitumor functions of IAV-trained AMs.

Compared to WT mice, IFNγ−/− mice had reduced IAV viral burden 
in the lungs on day 3 and to a lesser extent on day 5 after infection 
(Extended Data Fig. 8a). To test whether impaired AM training in IFNγ−/− 
mice was due to a dose effect of IAV, we infected IFNγ−/− mice with 
IAV at either a standard dose (120 plaque-forming units (p.f.u.) per 
mouse) or a high dose (360 p.f.u. per mouse). High-dose IAV infection 
in IFNγ−/− mice failed to rescue the impaired antitumor functions in AMs 
(Extended Data Fig. 8b), arguing against an IAV dose effect in IFNγ−/− 
mice. Moreover, impaired AM training was consistently observed in 
Ifngr-knockout (IFNγR−/−) mice (Fig. 7k and Extended Data Fig. 8c). 
These findings in AMs from both IFNγ−/− and IFNγR−/− mice strongly sup-
port a critical role of IFNγ signaling in IAV-induced antitumor trained 
AM generation.

To show the cellular source of IFNγ in IAV-infected lung tissues, we 
performed intracellular cytokine staining in lung leukocytes before 
and on days 3, 5 and 7 after infection. We identified NK cells as the 
dominant source of IFNγ on days 3 and 5 after infection, and T cells 
were not the major IFNγ producers until day 7 (Fig. 7l). With intact 
antitumor immunity in the lungs of T cell-depleted mice, we speculate 
that IFNγ-producing NK cells are critically required for IAV-induced 
antitumor trained AM generation. We therefore depleted NK cells or 
T cells in vivo in IAV-infected mice (Fig. 7m) and found that IAV-exposed 
AMs from NK-depleted, but not T cell-depleted, mice showed mark-
edly reduced tumoricidal functions after coculture with B16-luc cells  
(Fig. 7n). Thus, these data collectively suggest that IFNγ and NK cells  
are required for IAV-induced antitumor trained immunity in AMs.

Fig. 6 | Trained AMs are resistant to tumor-induced immunosuppression.  
a, ATAC-seq volcano plots showing genes with significant gain or loss 
(FDR < 0.05) of chromatin accessibility in AMs from uninfected tumor-bearing 
mice (PBS-B16) on day 9 after tumor inoculation versus naive (PBS) mice. b, GO 
enrichment of ATAC-seq chromatin regions related to immune suppression 
with significant (Padj < 0.05) gain of chromatin accessibility in AMs from PBS-B16 
versus PBS mice. c, GO enrichment of ATAC-seq chromatin regions related to 
immune activation with significant (Padj < 0.05) loss of chromatin accessibility 
in AMs from PBS-B16 versus PBS mice. d, ATAC-seq volcano plots showing genes 
with significant gain or loss (FDR < 0.05) of chromatin accessibility in AMs from 
IAV-infected tumor-bearing mice (IAV-B16) versus PBS-B16 mice on day 9 after 
tumor inoculation. e, KEGG enrichment of ATAC-seq chromatin regions related 

to immune activation with significant (Padj < 0.05) gain of chromatin accessibility 
in AMs from IAV-B16 versus PBS-B16 mice. f, RNA-seq heat maps showing z scores 
of differentially expressed genes (gene transcripts with Padj < 0.05 and | log2 (fold 
change) | > 0 are presented) in AMs from PBS, PBS-B16, IAV and IAV-B16 mice.  
AMs were isolated 9 d after tumor inoculation on day 30 after IAV infection.  
g,h, GO enrichment of cluster-specific marker genes in f (g) and RNA-seq heat 
maps showing z scores of differentially expressed genes (Padj < 0.05) related to 
trained immunity and antitumor functions in AMs from the four experimental 
groups as shown in f (h). Data in a–e are from one experiment (n = 3 per group). 
Data in f–h are representative of two independent experiments (n = 3 or 4 per 
group as indicated). A hypergeometric test (one-sided with the Benjamini–
Hochberg adjustment method) was used for statistical analysis in b, c, e and g.

Fig. 5 | Trained AMs have enhanced phagocytic and tumor cytotoxic 
functions. a, Representative confocal microscopic images on Siglec-F+CD11c+ 
AMs and melanoma cells (black colored cells in brightfield) in lung tumor lesions 
in PBS- or IAV-infected mice. Arrows indicate B16 cells phagocytosed by AMs. 
b–d, RNA-seq heat maps showing z scores of different gene transcripts (P < 0.05) 
related to phagocytosis, cell killing and ROS biosynthetic process in AMs from 
PBS- or IAV-infected mice. e, Representative microscopic images of B16 cells 
cocultured for 72 h with AMs isolated from PBS- or day 30 IAV-infected mice. 
Arrows indicate cellular clusters composed of B16 tumor cells and AMs.  
f, Survival of B16 cells cocultured at different AM:B16 (E:T) ratios with PBS or IAV 
AMs for 72 h. g, Survival of B16 cells at 24, 48 and 72 h after coculture with PBS or 
IAV AMs at an E:T ratio of 10:1. h, Survival of B16 cells cocultured with PBS or IAV 
AMs with or without separation of the two cell types by transwell insertions.  

i, Survival of B16 cells cocultured with PBS or IAV AMs with or without 
pretreatment with monoclonal antibody to CD47. j, Relative phagocytosis of 
B16-GFP cells by PBS AMs versus IAV AMs as shown by flow cytometry analysis. 
k,l, Representative confocal microscopic images (k) and fold change (l) of 
phagocytosis of B16-GFP cells by AMs in coculture. m, Representative three-
dimensional imaging of a B16-GFP cell phagocytosed by an IAV AM in coculture. 
Bar graphs are presented as mean ± s.d. Data are representative of three 
independent experiments (n = 5 mice per group in a; n = 3 mice per group in 
b–d; n = 3 or 4 culture wells per group as indicated in f, g and i; n = 3 culture wells 
per group in h and j; n = 8 culture wells per group in l). A two-tailed Student’s 
t-test was performed for comparisons between two groups. A one-way ANOVA 
followed by a Tukey test was performed to compare more than two groups, 
except in h where a two-way ANOVA was used.
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Human trained AMs are associated with antitumor immunity
Our data thus far suggest that trained resident AMs play critical antitu-
mor functions in the lungs in mice. We next sought to assess whether 

trained resident AMs in human lung tumor tissues could also be identi-
fied and are associated with antitumor immunity. By using published 
original data on single-cell RNA-seq (scRNA-seq) in human non-small 
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cell lung cancer (NSCLC) tissues37, we identified multiple subsets of 
resident AMs based on coexpression of characteristic genes, including 
PPARG and SERPINA1, and genes encoding macrophage markers, includ-
ing CD14, CD68 and MRC1 (clusters 1, 2, 4, 5, 10, 11, 12 and 20, Fig. 8a  
and Extended Data Fig. 9a)17,37. Notably, cluster 1 AMs demonstrated tran-
scriptional profiles of prototypical trained immunity, which is highly 
comparable to IAV-trained mouse resident AMs (Figs. 8b–f and 3c).  
Specifically, trained AMs in human lung cancer tissues are enriched 
in gene clusters associated with response to microbes/microbial 

components and cytokines, proinflammatory cytokine production, 
immune activation-associated signaling pathways, glycolysis, antigen 
processing and presentation, chemotaxis and so on (Fig. 8b,c,e). Impor-
tantly, the frequency of trained AMs was significantly higher in human 
lung cancer tissues with high immune activation than in those with low 
immune activation tumor microenvironments (immune activationhi 
versus immune activationlow; Fig. 8g–i). Thus, these results suggest 
that trained resident AMs infiltrating human lung cancer tissues are 
associated with antitumor immunity.
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Fig. 7 | Antitumor trained immunity of AMs is dependent on IFNγ and NK 
cells. a, Schema of IAV infection in WT mice with continuous T cell depletion, 
followed by inoculation of B16 cells after infection. b,c, Macroscopic analysis 
of the lungs (b) and number of macroscopically visible B16 tumor nodules on 
the surface of lung lobes (c). d,e, Representative lung histopathology images 
(d) and percentage of lung area occupied by tumor lesions based on lung 
histopathological analysis in mice shown in b (e). f, Schema of IAV infection in 
Ifng-knockout (IFNγ−/−) mice followed by inoculation of B16 cells after infection. 
g,h, Macroscopic analysis of the lungs (g) and number of macroscopically visible 
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based on lung histopathological analysis in mice shown in g (j). k, Survival of 

B16-luc cells cocultured for 72 h with AMs from PBS- or day 30 IAV-infected WT 
or Ifngr-knockout (IFNγR−/−) mice. l, Number of IFNγ-producing leukocytes in the 
lung after IAV infection; ILCs, innate lymphoid cells. m, Schema of IAV infection 
in WT mice with continuous T cell or NK cell depletion to assess antitumor 
functions of AMs. n, Survival of B16-luc cells cocultured with AMs as shown 
in m. Bar graphs are presented as mean ± s.d. Data are representative of two 
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compare more than two groups. A two-tailed Student’s t-test was performed for 
comparisons between two groups.
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Fig. 8 | Human trained AMs are associated with antitumor immunity.  
a, scRNA-seq t-SNE plots showing a total of 42 cell populations in human NSCLC 
tumor tissues. b, GO enrichment of cluster-specific marker genes related to 
immune functions in human trained AMs. c,d, KEGG enrichment of cluster-
specific marker genes related to immune activation signaling pathways in human 
(c) and mouse (d) trained AMs. e,f, GO enrichment of cluster-specific marker 
genes related to cellular components and molecular functions in human (e) 

and mouse (f) trained AMs. g, scRNA-seq t-SNE plots showing the distribution 
of major cell populations in human NSCLC tumors with high or low immune 
activation; DCs, dendritic cells; HSCs, hematopoietic stem cells; MoMΦ, 
monocyte-derived macrophages. h,i, Percentage of trained AMs in total TAMs 
(h) and percentage of trained AMs in total TAMs and monocytes (Mo) in immune 
activationhi and immune activationlow human NSCLC tumors (i). A two-tailed 
Student’s t-test was performed for comparisons between two groups.
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Discussion
Trained macrophages and monocytes are well recognized for their het-
erologous anti-infectious functions, as evidenced in both experimental 
animals and in humans10,13,32. Nevertheless, functional significance of 
trained immunity during tumorigenesis remains far less appreciated. 
One relevant study using mouse subcutaneous tumor models reported 
trained neutrophils with systemic antitumor functions15. A more recent 
study showed that β-glucan, a widely used inducer of systemic trained 
immunity, attracts circulating monocyte influx into the pancreas to 
exert antitumor functions38. Despite these intriguing findings, little 
is known about whether self-sustaining tissue-resident macrophages 
can carry antitumor trained immunity and exert long-term antitumor 
functions at specific tissue sites. Here, we show that lung tissue-resident 
trained AMs induced by acute respiratory viral infections are poised 
to exert long-lasting tissue-specific antitumor trained innate immu-
nity. Mechanistically, trained AMs infiltrate tumor lesions and exert 
T cell-independent tumoricidal functions via enhanced engulfment 
and killing of tumor cells. Our study reveals a previously unappreciated 
role of tissue-specific antitumor trained innate immunity mediated by 
long-lasting and self-sustaining resident macrophages.

AMs originally derive from embryonic hematopoietic progenitor 
cells, and after birth, in particular during lung inflammation, these 
embryonic-derived AMs might be replaced by circulating monocytes 
to generate monocyte-derived AMs29,39. We show in this study and in a 
previous study that acute respiratory infection by influenza virus or 
AdV, two common respiratory viral pathogens, induces trained immu-
nity in self-sustaining embryonic-derived AMs long after resolution of 
the primary immune response11. Our data are, however, contradictory 
with a previous study showing a monocytic ontogeny of antibacte-
rial AMs following acute IAV infection32. A possible explanation is the 
myeloablative drug busulfan used in this previous study introduced 
additional cytotoxicity in resident AMs and therefore impaired their 
autonomous recovery after IAV infection32,40. In support of our data, a 
previous study suggested that IAV infection does not deplete AMs in B6 
mice41. Not unexpectedly, IAV infection in our study induced a drastic 
reduction in AM cell number by days 5 to 9 after infection, which started 
to recover by around day 11. We showed that on day 11 after infection, 
as high as >50% of surviving AMs incorporated BrdU, reflecting their 
robust proliferating status after resolution of acute IAV infection. Our 
data support the idea that AMs have potent self-sustaining potential, 
and thus training in embryonic-derived resident AMs may represent a 
generalized phenotype induced by acute respiratory viral infections.

The tumor-associated microenvironment drives TAMs toward 
protumor polarization early during tumor development via diversified 
mechanisms, including modulating signaling pathways and altering 
the production of effector mediators and epigenetic and/or metabolic 
programming42. With continuous influence of the microenvironment 
on TAMs, it is not unexpected that TAM-targeting therapeutic strate-
gies to date rely largely on repeated administration of short-term 
effective TAM-modulating agents to antagonize the continuous tam-
ing by the tumor-associated microenvironment14,21,23,24. Our data sug-
gest that trained resident AMs are resistant to the tumor-associated 
immune-suppressive microenvironment at transcriptional and 
epigenetic levels at least until the middle stage of lung tumor devel-
opment. By contrast, naive AMs are highly susceptible to such an 
immune-suppressive microenvironment, as demonstrated by loss of 
chromatin accessibility in genes related to immune activation. One 
of the limitations in our study is that we used peritumoral rather than 
intratumoral AMs for transcriptional and epigenetic analysis due to 
technical challenges in dissecting sporadic small tumor lesions across 
the lung. However, the drastic transcriptional and epigenetic changes 
in peritumoral AMs in tumor-bearing lungs indicate profound influ-
ences by tumors despite their peritumoral location43–45. It is therefore 
plausible to speculate that the tumor-associated microenvironment 
educates not only tumor-infiltrating AMs but also peritumoral naive 

AMs toward an immune-suppressive polarization, which may later 
infiltrate expanding tumor lesions. Thus, our data indicate that pre-
established trained immunity in resident AMs endows an intrinsic 
resistance to tumor-associated immune-suppressive microenviron-
ments, which is key for trained AMs to reserve antitumor polarization 
in immune-suppressive microenvironments. Although we show a 
markedly reduced lung tumor burden in IAV-exposed mice versus in 
IAV-naive mice, the survival time of the IAV-exposed mice was only 5 d 
longer than that of the IAV-naive mice. We speculate that this is due to 
the fast-growing nature of lung B16 tumors, in particular at later stages 
of tumor development. Moreover, antitumor immunity in IAV-exposed 
lungs is exerted by trained AMs via enhanced tumor cell phagocytosis 
without contribution from adaptive T cell-mediated antitumor immu-
nity. These observations highlight the significance of comprehen-
sive antitumor immunity mediated by both the innate and adaptive 
branches. Nevertheless, our study does not exclude the possibility that 
trained AMs may facilitate T cell-mediated antitumor immunity23,42,46. 
Induction of trained immunity in tissue-resident macrophages thus 
represents an attractive strategy with durable antitumor effects.

We show here that trained AMs infiltrating lung tumor tissues are 
associated with antitumor immunity in humans. However, the causal 
factors that induce trained immunity in human NSCLC-infiltrating 
resident AMs remain speculative. A recent clinical study shows that 
aerosol delivery of AdV-vectored vaccine induces trained immunity 
in human AMs47. Therefore, trained immunity in human AMs could, 
similar to that observed in mice, be induced by respiratory viral infec-
tions likely including influenza. Moreover, clinical evidence on the 
association between respiratory viral infections and lung cancers has 
been scarce. This may reflect sophisticated mechanisms in the modu-
lation of the human respiratory immune environment overtime by a 
wide variety of stimulants far beyond viral infections, which deserve 
further investigation.

Our study shed light on tissue-resident macrophages as a potential 
target of trained immunity-based anticancer strategy, that is, prophy-
lactic induction of trained antitumor immunity in resident AMs. Such 
a strategy is particularly appealing in individuals with extrapulmo-
nary cancers, such as melanoma and breast cancer, which have high 
risks of lung metastasis. Our study will foster further investigation 
on the induction of trained immunity in tumor-infiltrating resident 
macrophages in a therapeutic setting, either as a monotherapy or in 
combination with T cell-based immunotherapies.
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Methods
Mice
WT female C57BL/6 mice and BALB/c mice were purchased from 
Slac Laboratory Animals. CD45.1+ mice (B6.SJL-Ptprca Pepcb/BoyJ), 
Ifng-knockout mice (B6.129S7-Ifngtm1Ts/J) and Ccr2-knockout mice 
(B6.129S4-Ccr2tm1Ifc/J) were originally from the Jackson Laboratory 
and were kind gifts from Z. Cai (Zhejiang University), X. Wang (Soochow 
University) and H. Tang (Shandong First Medical University), respec-
tively. Ifngr-knockout mice on a C57BL/6 background were generated by 
GemPharmatech and were a kind gift from S. Zhu (Zhejiang University). 
Mice were housed in a specific pathogen-free facility with ad libitum 
access to food (Xietong Shengwu) and water and were maintained on 
a 12-h light/12-h dark cycle, with 50–60% humidity and at 20–25 °C at 
Zhejiang University Laboratory Animal Center. Animals were assigned 
experimental groups at random. Female mice at 6–8 weeks of age were 
used for all experiments, and the numbers of mice per experimental 
group are indicated in the figure legends. All experiments were per-
formed in accordance with the guidelines from the Animal Research 
and Ethics Boards of Zhejiang University.

Respiratory viral and extracellular bacterial infections
Acute respiratory viral infection was introduced by i.n. administration 
of influenza virus (A/PR8/34; 120 p.f.u. per mouse) or recombinant 
human serotype 5 AdV (2 × 107 p.f.u. per mouse)11. In selected experi-
ments, mice were infected with IAV at 360 p.f.u. per mouse. Mice were 
anesthetized with isoflurane and infected i.n. with 25 μl of virus prepa-
ration in PBS. Respiratory infection with extracellular bacteria was 
introduced by i.t. administration of S. pneumoniae serotype 3 (ATCC, 
6303) resuspended in 40 μl of PBS at 2 × 107 or 5 × 107 colony-forming 
units (c.f.u.) per mouse as indicated. Growth of S. pneumoniae was 
assessed as previously described11. Briefly, frozen bacterial stock was 
plated on blood tryptic soy agar supplemented with 5% defibrinated 
sheep blood (YC Biotech) and 10 mg ml–1 neomycin (Sigma-Aldrich) 
and incubated overnight. Bacterial colonies were cultured at 37 °C and 
5% CO2 in Todd Hewitt broth (BD Biosciences).

Mouse tumor models
The GFP-expressing B16F10 cell line (B16-GFP) was generated from 
luciferase-expressing B16F10 cells (B16-luc; ATCC, CRL-6475-LUC2) 
by transduction with lentiviral vector encoding GFP under the EF-1α 
promoter. B16F10 (B16; ATCC, CRL-6475), B16-luc and B16-GFP cells 
were grown in RPMI 1640 cell culture medium (Thermo Fisher) supple-
mented with 10% fetal bovine serum (Serana) and 1% penicillin/strepto-
mycin (Biosharp). A total of 5 × 105 B16 cells were resuspended in 200 μl 
of PBS and injected i.v. to establish lung melanoma or injected s.c. to the 
right flank. To establish a spontaneous lung metastasis model, 5 × 105 
4T1 (ATCC, CRL-2539) cells resuspended in 100 μl of PBS were injected 
into the fourth mammary fat pad on the right side of BALB/c mice. The 
s.c. tumor volume was calculated as volume = (length × width2)/2. A 
maximal tumor size of 15 mm for the longest axis of the tumor was 
accepted and was always observed during this study.

Luciferin-based in vivo tumor imaging
Mice were anesthetized with isoflurane and injected intraperitoneally 
(i.p.) with 150 mg kg–1 d-luciferin (Yeason Biotechnology). After injec-
tion, mice were placed on the imaging platform of an IVIS Spectrum 
imaging station (PerkinElmer) with continuous isoflurane inhalation. 
White light and luciferase activity were recorded for 40 s starting at 
8 min after d-luciferin injection. Living Image software (PerkinElmer) 
was used for luciferase activity quantification.

Lung macroscopic analysis and histopathology
Lung lobes were collected between days 15 and 18 after tumor inocula-
tion. Visible B16 tumor nodules on the surface of all lung lobes were 
counted under a JSZ8 dissection microscope ( Jiangnan Novel Optics). 

In selected experiments, lung vascular perfusion was performed to 
remove erythrocytes for further immunohistochemical analysis of 
lung sections. Lung lobes were then either processed for frozen fixa-
tion or were paraffin embedded. Paraffin-embedded lung sections with 
hematoxylin and eosin or Masson’s Trichrome staining were scanned 
on a VS200 research slide scanner (Olympus) by using VS200 ASW 
software (Olympus) for further analysis.

Confocal microscopy
Frozen or paraffin-embedded lung tissue sections were incubated 
with 5% bovine serum albumin plus 5% normal goat serum in PBS for 
1 h at 37 °C for blocking, followed by incubation with primary anti-
bodies at 4 °C overnight and on the following day with secondary 
antibodies for 1 h at room temperature. Mounting was performed by 
using DAPI Fluoromount-G (SouthernBiotech) according to manufac-
turer’s instructions. For staining of Siglec-F, anti-mouse Siglec-F (clone 
1RNM44N, Thermo Fisher) was used as primary antibody, followed by 
staining with goat anti-rat AF488 (Thermo Fisher). Anti-mouse CD11c 
AF647 (clone N418, Biolegend) was used for CD11c staining. Confocal 
microscopy was performed on a Zeiss LSM 880 confocal microscope 
(Zeiss), and quantification of fluorescence intensity was performed 
using ImageJ software and ZEN Black imaging software (Zeiss). Z stack 
reconstruction was performed using Imaris software version 9.0.1 
(Oxford Instruments).

Isolation of cells from peripheral blood and lung tissues
Cells from peripheral blood, bronchoalveolar lavage (BAL) and lung 
tissues were isolated as previously described11. Briefly, mice were 
anesthetized with isoflurane, and peripheral blood was exhaustively 
collected from the abdominal vein. Following exhaustive BAL with 
PBS, lung lobes were collected, cut into small pieces and digested in 
collagenase type I (Thermo Fisher) for 1 h at 37 °C in a shaker incubator. 
Lung single-cell suspensions were obtained by crushing the digested 
lung tissues through a 100-μm basket filter (BD Biosciences). Following 
erythrocyte lysis of peripheral blood and lung cells by incubation with 
red blood cell lysing buffer (SolarBio), cells were washed with PBS and 
resuspended in desired medium for further experiments.

Flow cytometry
Immunostaining and flow cytometry analyses were performed as previ-
ously described11. Briefly, single-cell suspensions from BAL, the lungs 
and peripheral blood were plated in U-bottom 96-well plates at ≤2 × 106 
cells per well in PBS. Cells were stained with a Zombie Aqua fixable 
viability kit (Biolegend) according to manufacturer’s instructions. Cells 
were then washed and incubated with anti-CD16/CD32 (clone 2.4G2, 
BD Biosciences, 1:200) in PBS containing 0.5% bovine serum albumin 
for 15 min on ice and stained with fluorochrome-labeled antibodies, 
including anti-CD45 APC-Cy7 (clone 30-F11, BD Biosciences, 1:400), 
anti-CD45.1 APC-Cy7 (clone A20, BD Biosciences, 1:200), anti-CD45.1 
FITC (clone A20, Biolegend, 1:200), anti-CD45.2 PerCP-Cy5.5 (clone 104, 
Biolegend, 1:200), anti-CD11b PE-Cy7 (clone M1/70, BD Biosciences, 
1:400), anti-CD11b BV605 (clone M1/70, Biolegend, 1:500), anti-CD11c 
APC (clone N418, Biolegend, 1:200), anti-CD11c PE-Cy7 (clone N418, 
Biolegend, 1:200), anti-I-A/I-E Alexa Fluor 700 (clone M5/114.15.2, 
Biolegend, 1:200), anti-CD3 V450 (clone 17A2, BD Biosciences, 1:200), 
anti-CD3 PE-CF594 (clone 17A2, Biolegend, 1:400), anti-CD49b PE 
(clone DX5, BD Bioscience, 1:400), anti-TCRα/TCRβ PE-Cy7 (clone 
H57-597, Biolegend, 1:200), anti-TCRγ/TCRδ FITC (clone GL3, Bioleg-
end, 1:200), anti-CD45R V450 (clone RA3-6B2, BD Bioscience, 1:200), 
anti-F4/80 PE-Cy7 (clone BM8, Biolegend, 1:200), anti-Ly6C BV711 
(clone HK1.4, Biolegend, 1:500), anti-Ly6G-BV650 (clone 1A8, Bio-
legend, 1:500), anti-CD24-BV605 (clone M1/69, Biolegend, 1:500), 
anti-CD64-PE (clone X54-5/7.1, BD Biosciences, 1:200), anti-Siglec-F 
PE-CF594 (clone E50-2440, BD Biosciences, 1:500), anti-CD4 PE-Cy7 
(clone RM4-5, BD Biosciences, 1:200), anti-CD8-APC-Cy7 (clone 
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53-6.7, BD Bioscience, 1:400), anti-FcεR1a PE-Cy7(clone MAR-1, eBio-
science, 1:200), anti-Gata3 PE (clone TWAJ, eBioscience, 1:200), Lin 
(anti-mouse CD3ε, clone 145-2C11; anti-mouse Ly6G/Ly6C, clone RB6-
8C5; anti-mouse CD11b, clone M1/70; anti-mouse CD45R/B220, clone 
RA3-6B2; anti-mouse TER-119/erythroid cells, clone Ter-119, Biolegend; 
1:200) and streptavidin Percp-Cy5.5 (eBioscience, 1:200). In selected 
experiments, cells were stained with Annexin V and PI (both from Mul-
tiSciences) according to the manufacturer’s instructions to measure 
cell death.

For i.v. staining, 2 μg of anti-CD45 APC-Cy7 (clone 30-F11, BD Bio-
sciences) diluted in 100 μl of PBS was injected i.v. via the tail vein of 
anesthetized mice. Organs were collected 3 min after injection.

For intracellular staining of IFNγ, lung cells were cultured ex vivo 
in the presence of BD GolgiPlug (BD Biosciences) for 5 h, followed by 
cell surface staining as mentioned above. Cells were then fixed and 
permeabilized with fixation/permeabilization buffer (Thermo Fisher) 
and washed twice with 1× permeabilization buffer (Thermo Fisher), 
followed by intracellular staining with anti-IFNγ APC (clone XMG1.2, 
Biolegend, 1:200) diluted in permeabilization buffer for 0.5 h at room 
temperature.

To analyze in situ AM proliferation, i.p. administration of BrdU 
was performed repeatedly at designated time points after influenza 
virus infection at 0.5 mg per mouse per injection. Before infection or 
on days 9 and 11 after infection, BAL and lung cells from mice receiving 
BrdU were labeled with the above extracellular antibodies, followed 
by intracellular staining of BrdU by using an APC BrdU flow kit (BD 
Biosciences) according to manufacturer’s instructions. Briefly, cells 
stained with extracellular antibodies were fixed and permeabilized 
with BD Cytofix/Cytoperm and incubated with BD Cytoperm Plus 
buffer. Cells were refixed with BD Cytofix/Cytoperm before treatment 
with DNase. Incorporated BrdU was then stained with a monoclonal 
antibody to BrdU-APC (clone B44, BD Biosciences, 1:50).

Stained cells were analyzed on a BD LSRFortessa flow cytometer 
by using FACS Diva software (version 8.0.1, BD Biosciences). Data 
were analyzed and illustrated by using FlowJo software (version 10.7.1,  
BD Biosciences).

Parabiotic mouse model
Parabiotic surgery was conducted as previously described11. Briefly, 
the mirroring lateral sides of two age- and weight-matched anesthe-
tized mice (CD45.1+ and CD45.2+, respectively) were shaved, and skin 
incisions from elbow to knee joints on the respective mirroring sides 
were made. The adjacent elbow and knee joints and the dorsal and 
ventral skin were respectively approximated by sutures. Carprofen 
and buprenorphine were administered i.p. on days 0 to 3 of surgery. 
Three weeks after surgery, both mice were treated with PBS or IAV i.n. 
as described above. On days 9 and 30 after viral infection, chimerisms 
in peripheral blood monocytes and lung macrophages were measured 
by flow cytometry analysis. Chimerism was respectively calculated 
as percent CD45.1+/(percent CD45.1+ + percent CD45.2+) in CD45.2+ 
mice and as percent CD45.2+/(percent CD45.2+ + percent CD45.1+)  
in CD45.1+ mice.

BM transplantation
To generate BM chimeric mice, BM cells were collected from uninfected 
or day 30 IAV-infected CD45.1+ donor mice. A total of 2 × 106 BM cells 
were transplanted i.v. into lethally irradiated (8.5 Gy) naive syngeneic 
host mice (CD45.2+). Five weeks after transplantation, recipient mice 
were inoculated with B16-luc melanoma cells i.v. as described above.

Purification, adoptive transfer and ex vivo stimulation of AMs
Purification, adoptive transfer and ex vivo stimulation of AMs were 
performed as previously described11. To obtain purified AMs, BAL cells 
from naive or IAV-infected mice were labeled with CD11c microbeads 
(Miltenyi) followed by positive magnetic selection on a magnetic 

purification system (Miltenyi) according to the manufacturer’s 
instructions. Purified AMs were used for RNA-seq, ATAC-seq, adop-
tive transfer or ex vivo cell culture experiments. For adoptive transfer 
experiments, pooled AMs from multiple mice from the same treat-
ment group were resuspended at 1 × 106 AMs per recipient in 40 μl 
of PBS and were administered i.t. into isoflurane-anesthetized mice. 
For ex vivo stimulation of AMs, isolated AMs were stimulated with live  
S. pneumoniae (ATCC) at a multiplicity of infection of 10, as previously 
described11, or with LPS at 10 ng ml–1 and incubated for 12 h before 
supernatants were collected.

Coculture of AMs and tumor cells for antitumor activity assay
AMs were isolated as described above and were seeded in a 96-well 
tissue culture plate at 0.5 × 105 to 2 × 105 cells per well. Cells were incu-
bated in a cell culture incubator (37 °C and 5% CO2) for 2 h. B16-luc or 
B16-GFP tumor cells were seeded in AM culture wells at 1 × 104 cells 
per well. At 24, 48 or 72 h of coculture, cells in each well were lysed, 
and luciferase activity per well was measured by using a luciferase 
assay system (Yeason Biotechnology), according to manufacturer’s 
instructions. Luminescence measurements were performed on a Syn-
ergyMx M5 plate reader (Molecular Devices). Tumor cell survival was 
calculated and presented as percentage of normalized luminescence 
against tumor-only culture wells. In selected experiments, tumor cells 
were incubated with 10 μg ml–1 rat anti-mouse CD47 (clone Miap301, 
Biolegend) at 37 °C for 20 min before coculture with AMs. In transwell 
experiments, AMs and B16-luc cells were cocultured in 24-well tissue 
culture plates, and in selected wells, AMs were separated from tumor 
cells by using transwell inserts with a pore size of 0.4 μm (Corning). 
In selected experiments, AMs and B16-luc cells were cocultured in 
the presence of 20 μM etomoxir and/or 20 μM UK5099 (both from 
MedChemExpress).

AM phagocytosis assay
Isolated AMs were seeded in a 96-well tissue culture plate at 5 × 104 
cells per well. B16-GFP cells were seeded in AM culture wells at 8 × 104 
cells per well. At 24 h after coculture, cells were washed and detached 
using 0.25% trypsin for 10 min. Single-cell suspensions were collected 
and stained with anti-CD11c-APC (clone N418, Biolegend) to label AMs, 
followed by flow cytometry analysis.

For fluorescence imaging assays, AMs were seeded in 35-mm 
glass-like polymer coverslip dishes at 4 × 105 cells per dish. After 2 h of 
culture in a cell culture incubator (37 °C and 5% CO2), AMs were labeled 
with 5 μM 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine per-
chlorate (Beyotime) according to manufacturer’s instructions. B16-GFP 
cells were then seeded in the culture dishes at 8 × 104 cells per dish. After 
a further 24 h of coculture, confocal microscopy was performed on a 
Zeiss LSM 880 confocal microscope (Zeiss). Multiple random fields 
were collected per replicate, and the number of phagocytic events was 
scored for each replicate.

In vivo cell depletions
To deplete CD4+ T and CD8+ T cells in vivo, mice were injected i.p. with 
200 μg of anti-CD4 (clone GK1.5, BioXCell) and 200 μg of anti-CD8 
(clone 2.43, BioXCell). To deplete NK cells, mice were injected i.p. 
with 200 μg of anti-NK1.1 (clone PK136, made in-house). To achieve 
continuous T cell or NK cell depletion, repeated doses of 100 μg of 
depleting antibodies were administered at 7-d intervals through the 
endpoint of the experiment. To deplete AMs in vivo, a single dose 
of clodronate liposomes or control liposomes (Liposoma Technol-
ogy) was administered i.t. to mice at 100 μl per mouse in two split 
doses. To deplete circulating monocytes in vivo, mice receiving i.t. 
clodronate/control liposomes were injected i.v. with clodronate or 
control liposomes, respectively, at 100 μl per mouse per d at 5-d inter-
vals starting from 2 d after the initial i.t. dose of liposomes to the 
endpoint of the experiment.
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Enzyme-linked immunosorbent assay (ELISA)
ELISAs were performed by using mouse TNF, IFNγ, IL-6 and MIP-2 ABTS 
ELISA development kits (Peprotech) or a mouse IFNβ ELISA kit (Invi-
voGene), according to manufacturers’ instructions. ELISA plates were 
read on a SynergyMx M5 plate reader (Molecular Devices). Concen-
trations of cytokines/chemokines were calculated based on serial 
dilutions of standards by using GraphPad Prism software (version 9, 
GraphPad software).

AM metabolic assays
Real-time cell metabolism of AMs was measured by using the Seahorse 
XF Cell Mito stress test kit or a Seahorse XF glycolytic stress test kit 
(Agilent Technologies) according to the manufacturer’s instructions. 
After culture alone or coculture with B16 melanoma cells for 48 h, 
AMs were collected and purified by positive selection using CD11c 
microbeads (Miltenyi Biotec). Purified AMs were then seeded into 
XF 96-well plates (Agilent Technologies) at 50,000 cells per well and 
cultured overnight in complete RPMI 1640 medium. The next day, AMs 
were washed and incubated for 1 h in Seahorse assay medium (Agilent 
Technologies) supplemented with either 2 mM glutamine (glycolytic 
stress test) or an additional 10 mM glucose and 1 mM pyruvate (mito 
stress test). The kit compounds were resuspended in assay medium, 
and the final concentrations of the compounds in culture wells were 
1.5 μM oligomycin, 4 μM FCCP and 0.5 μM rotenone/antimycin A in the 
mito stress test or 10 mM glucose, 1 μM oligomycin and 50 mM 2-DG in 
the glycolytic stress test. OCRs and ECARs were measured on a Seahorse 
XFe96 analyzer (Agilent Technologies), and data were analyzed using 
Wave Desktop software (v2.6).

Real-time quantitative PCR with reverse transcription  
(RT–PCR)
Total RNA was extracted from tissues using TRIzol reagent (Thermo 
Fisher). RT–PCR was performed by using a PrimeScript RT master mix 
for RT–PCR, according to the manufacturer’s instructions (TaKaRa). 
IAV in infected lungs was quantified by real-time PCR of the influenza 
NS1 gene in cDNA prepared from whole lung tissues. Quantification 
of B16 melanoma cells in organs was performed by real-time PCR of 
genes encoding premelanosome (Pmel), dopachrome tautomerase 
(Dct)34 and luciferase. The expression of genes was normalized to 
that of Actb. The following primer sequences were used (Tsingke Bio-
technology): Pmel (forward: 5′-GCTTGTAGGTATCTTGCTGGTGTT-3′, 
reverse: 5′-CCTGCTTCTTAAGTCTATGCCTATG-3′), Dct (forward: 
5′-GGCTACAATTACGCCGTTG-3′, reverse: 5′-CACTGAGAGAG 
TTGTGGACCAA-3′), luciferase (forward: 5′-CACCGTCGTATT 
CGTGAGCA-3′, reverse: 5′-AGTCGTACTCGTTGAAGCCG-3′), NS1  
(forward: 5′-GTCAAGCTTTCAGGTAGATTG-3′, reverse: 5′-CTCTTAG 
GGATTTCTGATCTC-3′) and Actb (forward: 5′-AGTGTGACGTT 
GACATCCGT-3′, reverse: 5′-GCAGCTCAGTAACAGTCCGC-3′).

RNA-seq and data analysis
A total of 400,000 purified AMs per replicate were pelleted and lysed in 
TRIzol reagent (Thermo Fisher) and cryopreserved at −80 °C, followed 
by RNA extraction. RNA quantification and qualification were per-
formed using an N50 NanoPhotometer microvolume spectrophotom-
eter (IMPLEN) and an RNA Nano 6000 assay kit of the Bioanalyzer 2100 
system (Agilent Technologies). Sequencing libraries were prepared 
using an NEBNext Ultra RNA library prep kit (New England Biolabs) fol-
lowing manufacturer’s recommendations, and index codes were added 
to attribute sequences to each sample. Clustering of the index-coded 
samples was performed on a cBot cluster generation system using a 
TruSeq PE cluster kit v3-cBot-HS (Illumina), according to the manu-
facturer’s instructions. After cluster generation, library preparations 
were sequenced on an Illumina Novaseq platform (Illumina).

Raw RNA-seq fastq format data were processed through in-house 
Perl scripts, and clean data were obtained by removing reads 

containing adapter or poly(N) and low-quality reads from raw data. 
Reads were then mapped to mm10 RefSeq genes downloaded from 
the University of California Santa Cruz Table Browser using HISATt2 
(v2.0.5). FeatureCounts (v1.5.0-p3) was used to count the read numbers 
mapped to each gene. Fragments per kilobase per million base pairs 
sequenced values of each gene were calculated based on the length 
and read counts mapped to the gene. A principal-component analysis 
(PCA) plot was generated, and differential gene expression analysis 
was performed by using the DESeq2 (v1.34.0) package in R (v4.1.2). 
The resulting P values were adjusted using the Benjamini–Hochberg 
approach for controlling the false discovery rate (FDR). An adjusted  
P value of <0.05 found by DESeq2 was used as the significance thresh-
old for identification of differentially expressed genes. Volcano and 
heat map plots were created using the ggplot2 (v3.3.6) and pheatmap 
(v1.0.12) packages separately in R. GO enrichment analyses of differ-
entially expressed genes were performed using the clusterProfiler 
R package (v4.2.1). GO terms with corrected P values of <0.05 were 
considered significantly enriched. ClusterProfiler (v4.2.1) was used 
to test the statistical enrichment of differentially expressed genes  
in KEGG pathways. The local version of the GSEA analysis tool (http://
www.broadinstitute.org/gsea/index.jsp), GO and the KEGG dataset 
were used for GSEA independently.

ATAC-seq and data analysis
A total of 50,000 purified AMs per replicate were washed once in cold 
PBS and resuspended in 50 μl of cold lysis buffer (10 mM Tris-HCl  
(pH 7.4), 10 mM NaCl, 3 mM MgCl2 and 0.1% IGEPAL CA-630). Cell 
lysates were centrifuged at 500g for 10 min at 4 °C, and nuclei were 
resuspended in 50 μl of transposition reaction mix (25 μl of TD buffer, 
2.5 μl of Tn5 transposase and 22.5 μl of nuclease-free water; Illumina) 
and incubated for 30 min at 37 °C. Transposed DNA fragments were 
purified by using a Qiagen Reaction MiniElute kit (Qiagen) barcoded 
with Nextera single indexes (New England Biolabs) and amplified by 
PCR for 11 cycles using NEBNext high fidelity 2× PCR master mix (New 
England Biolabs). PCR products were purified using a PCR purification 
kit (Qiagen), and amplified fragment size was verified on an Agilent 
2100 Bioanalyzer system (Agilent). ATAC-seq libraries were quanti-
fied by quantitative PCR. Paired-end sequencing was performed on 
an Illumina Novaseq6000 system (Novogene).

Raw ATAC-seq fastq files from paired-end sequencing were 
trimmed by using Fastp (v0.19.11) followed by quality control using 
fastqc (v0.11.5). Clean data were aligned to the GRCm38/mm10 refer-
ence genome using BWA (v0.7.12-r1039). Samtools (v1.11) was used to 
remove unmapped, unpaired and mitochondrial reads. PCR duplicates 
were removed by using Picard (v1.111). Peak calling was performed using 
MACS2 (v2.1.2, -q 0.05–call-summits–nomodel–shift −100–extsize 
200–keep-dup all). For each experiment, peaks of all samples were 
combined to create a union peak list, and overlapping peaks were 
merged with BedTools (v2) merge. The number of reads in each peak 
was analyzed using DiffBind (v3.4). Differentially accessible peaks 
were identified following DESeq2 normalization using an FDR cutoff 
of <0.05. Tracks were visualized using Integrative Genomics Viewer 
(v2.3.77, Broad Institute). Pearson correlations and PCAs between sam-
ples were calculated in R (DiffBind v3.4) and plotted. GO term enrich-
ment was performed for each biological condition using clusterProfiler 
(v4.2.1). Statistical analysis of differential chromatin accessibility tests 
was done using DESeq2 (v1.34.0), and FDR correction was performed 
using the Benjamini–Hochberg method in R (v4.1.2). Significance of 
GO term enrichments was calculated with binomial tests and hyper-
geometric tests. P values and q values of <0.05 were considered to 
indicate a significant difference.

Analysis of public human NSCLC scRNA-seq dataset
scRNA-seq data of tumors from six individuals with NSCLC (ID num-
bers 371, 408, 570, 571, 328 and 393) were downloaded from the Gene 
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Expression Omnibus (GEO) with accession code GSE154826. The Seurat 
package (v4.1.0) was used for count normalization. Samples were fil-
tered for cell barcodes recording >500 unique molecular identifiers, 
with <25% mitochondrial gene expression. Batch integration was initi-
ated using the Seurat function FindIntegrationAnchors(). Neighbor 
analysis was performed by invoking FindNeighbors() using the default 
k parameter of 20 and the first 40 principal components. Clustering 
was then performed with FindClusters() at a resolution of 2 (resulting 
in 42 clusters). A PCA was performed based on the scaled data with the 
top 2,000 highly variable genes, and the top 40 principal components 
were used for t-distributed stochastic neighbor embedding (t-SNE) 
construction. Cell-type marker genes were found using the FindCon-
servedMarkers() function.

Annotation of human NSCLC scRNA-seq clusters
Cell clusters were first annotated with SingleR (v1.8.1) BlueprintEncod-
eData() and confirmed by identifying differentially expressed marker 
genes for each cluster and comparing to known cell-type-specific 
marker genes from CellMarker (http://bio-bigdata.hrbmu.edu.cn/
CellMarker/). Macrophages (clusters 1, 2, 4, 5, 10, 11, 12, 20, 23, 29, 36 
and 41) expressed genes encoding CD14, CD68 and MRC1 and lacked 
PPARG. AMs (clusters 1, 2, 4, 5, 10, 11, 12 and 20) expressed genes encod-
ing PPARG, SERPINA1 and MRC1.

Differential expression testing of human NSCLC scRNA-seq 
dataset
Differential expression between two sets of cells was performed using 
the FindMarkers function in the Seurat package (v4.1.0). GO and KEGG 
analyses of genes upregulated and downregulated in expression were 
performed using clusterProfiler (v4.2.1).

Statistical analysis
Statistical parameters, including the exact value of n, the definition 
of center, dispersion and precision measures and statistical signifi-
cance, are reported in the figures and figure legends. A P value of 
<0.05 was considered significant. A two-tailed Student’s t-test was 
performed for comparisons between two groups. A one-way analy-
sis of variance (ANOVA) followed by a Tukey test was performed to 
compare more than two groups. A log-rank (Mantel–Cox) test was 
used for comparison of survival curves. All statistical analyses were 
performed using GraphPad Prism software (version 9, GraphPad 
software). The same samples were not repeatedly measured, and no 
data points were excluded from the analysis. The confidence interval 
was set at 95% for statistical analysis. No statistical methods were 
used to predetermine sample sizes, but our sample sizes are similar 
to those reported in previous publications7,11. Data distribution was 
assumed to be normal, but this was not formally tested. Data col-
lection and analysis were not performed blind to the conditions of 
the experiments.

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

Data availability
RNA-seq data and ATAC-seq data have been deposited in the NCBI’s 
GEO under accession code GSE222150. Human scRNA-seq data were 
previously published37 and can be accessed under accession code 
GSE154826. Source data are provided with this paper.

Code availability
Code was generated using publicly available R (v4.1.2) packages, includ-
ing DESeq2, ggplot2, dplyr, pheatmap, clusterProfiler, Seurat, SingleR, 
tidyverse, patchwork, DiffBind, ChiPseeker, corrplot, ggridges and 
enrichplot. No custom software was used or developed in this study. 
Analysis scripts will be provided upon request.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | IAV infection induces acute respiratory inflammation. 
(a) Representative flow cytometry dot plots showing gating strategy of leukocyte 
subsets including neutrophils, T and B lymphocytes, NK cells, monocytes (Mo), 
dendritic cells (DCs), eosinophils (Eos), alveolar macrophages (AMs), interstitial 
macrophages (IMs), and monocyte-derived macrophages (MDMs), in lung 
tissues of IAV-infected mice. (b) Representative UMAP plots on kinetic changes in 
leukocyte subsets in bronchoalveolar lavage fluid (BAL) from before to 30 days  

(d0 to d30) post IAV infection. (c) Kinetic changes in absolute numbers of 
selected leukocyte subsets in BAL post IAV infection. (d) Kinetic changes in IFNβ 
and IFNγ in BAL supernatant post IAV infection. (e) Kinetic body weight change 
in IAV-infected mice. Data are presented as mean ± SD. Data are representative of 
three independent experiments with n = 3 mice per group in a–c, n = 3 or 4 mice 
per group in d, and n = 2 mice per group in e.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Respiratory viral infections induce pulmonary anti-
tumor immunity. (a) Quantification of B16 tumor burdens in PBS or IAV-infected 
mice. (b) Representative Masson’s trichrome staining images of B16 tumor-
bearing lungs from PBS or IAV-infected mice. Quantification of B16 cells based on 
RT-PCR (c) or flow cytometry (d) analysis in the lungs of PBS or IAV mice early post 
i.v. inoculation of B16-luc expressing GFP. (e) Macroscopy of lungs and (f) number 
of B16 tumor nodules on the lung surface in PBS and day 60 IAV-infected (IAVd60) 
mice. (g) Representative lung histopathology images and (h) percentage of lung 
area occupied by tumor lesions in mice shown in (e). (i) Macroscopy of lungs and 
(j) number of B16 tumor nodules on the lung surface in PBS and day 30 IAV- or AdV-
infected mice. (k) Representative lung histopathology and (l) percentage of lung 
area occupied by tumor lesions in mice shown in (i). (m) Schema of subcutaneous 
(s.c.) B16 tumor model. (n) Kinetic changes in subcutaneous B16 tumor size at 

the injection site. (o) Macroscopy and (p) weight of subcutaneous B16 tumors 
at endpoint. (q) Kinetics of subcutaneous tumor volume after inoculation of 
4T1 cells in PBS or IAV-infected mice (*p = 0.0336). (r) Schema of bone marrow 
transplantation (BMT). (s) Percentage of donor-derived peripheral blood myeloid 
cells at 35 days post BMT. (t) average radiance of luciferin signals in the lung area 
and (u) number of B16 tumor nodules on the lung surface in mice shown in (r). Bar 
graphs are presented as mean ± SD. Data are representatives of two independent 
experiments (n = 3 mice per group in a,c,d; n = 5 mice per group in b,f,h; n = 6 mice 
in PBS and IAV groups and n = 4 mice in AdV group in j,l; n = 4 mice per group in 
n,p,q; n = 6 mice per group in s,t,u). Two-tailed Student t test was performed for 
comparisons between two groups. One-way ANOVA followed by a Tukey test was 
performed to compare more than two groups.
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Extended Data Fig. 3 | Depletion of T cells and AMs in lung tissues. (a,b) 
Absolute numbers of CD4+ T cells (a) and CD8+ T cells (b) in BAL and lung tissues 
in uninfected (PBS) or IAV-infected mice, or IAV-infected mice with i.p. injection 
of anti-CD4 and anti-CD8 depleting antibodies (IAVTdepl). (c) Relative numbers 
of AMs in BAL and lung tissues in PBS or IAV mice at 48 hours following i.t. 

administration of either control liposomes (ctrl) or clodronate liposomes. Bar 
graphs are presented as mean ± SD. Data are representatives of two independent 
experiments with number of mice per group as indicated (n = 3 mice per group 
in a,b; n = 4 mice in PBS ctrl group, n = 3 mice in IAV ctrl group, and n = 2 mice per 
group in PBS clodronate and IAV clodronate groups in c).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | IAV induces long-term epigenetic and metabolic 
changes in AMs. (a) ATAC-seq volcano plots showing genes with significant gain 
or loss (FDR < 0.05) of chromatin accessibility in AMs from day 30 IAV-infected 
mice as compared to those from uninfected (PBS) mice. (b) ATAC-seq signals 
for genes encoding MHC II (top), TNF (lower left), and CXCL2 (lower right) in 
AMs from IAV versus PBS mice. All tracks were group-autoscaled to enable 
comparison. (c-f) GSEA of ATAC-seq signals of genes related to glycolysis process 
(c), PI3K-Akt signaling pathway (d), HIF-1 signaling pathway (e), and mTOR 
signaling pathway (f), in AMs from IAV versus PBS mice. (g) Real-time oxygen 

consumption rate (OCR) in PBS versus day 30 IAV AMs. (h) Basal respiration, 
maximal respiration, ATP production, and spare respiratory capacity in AMs 
shown in (g). (i) Real-time extracellular acidification rate (ECAR) in PBS versus 
day 30 IAV AMs. (j) Glycolysis, glycolytic capacity and glycolytic reserve in AMs 
shown in (i). Data are presented as mean ± SD. Data in a-f are from one experiment 
with n = 3 mice per group. Data in g-j are representatives of three independent 
experiments with n = 3 replicate culture wells per group. Two-tailed Student t test 
was performed for comparisons between two groups.
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Extended Data Fig. 5 | Acute phase of IAV infection is related to bacterial 
super-infection. (a) Schema of respiratory IAV infection followed by challenge 
with Streptococcal pneumoniae (S.p.) i.t. at 2 × 107 cfu per mouse on day 7 post 
viral infection. (b-d) Body weight change (b), illness score (c), and survival (d) 

of mice after bacterial challenge. Data are presented as mean ± SEM, and are 
representatives of two independent experiments with n = 6 mice per group. 
Two-tailed Student t test was performed for comparisons between two groups. 
Log-rank (Mantel-Cox) test was used for comparison of survival curves.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Anti-tumor trained AMs depend on enhanced 
mitochondrial oxidation. (a) Representative microscopic images on B16-GFP 
melanoma cells co-cultured with AMs isolated from PBS or day 30 IAV-infected 
mice and labeled with fluorescence dye. Cells were co-cultured for 72 hours  
at an AM:B16 (E:T) ratio of 20:1. (b) Flow cytometry analysis on Annexin V and  
PI in PBS or IAV AMs cultured alone or co-cultured with B16 melanoma cells  
for 48 hours. (c) Real-time oxygen consumption rate (OCR) in PBS versus IAV  
AMs cultured alone or co-cultured with B16 melanoma cells for 48 hours.  
(d) Basal respiration, maximal respiration, ATP production, and spare respiratory 
capacity in AMs shown in (c). (e) Real-time oxygen consumption rate (OCR)  
in PBS versus IAV AMs cultured ex vivo with Etomoxir (Eto) and/or UK5099.  
(f) Basal respiration, maximal respiration, ATP production, and spare respiratory 

capacity in AMs shown in (e). (g) Survival of B16-luc melanoma cells co-cultured 
with PBS or IAV AMs for 72 hours in the presence of Etomoxir and/or UK5099. 
(h) Relative number of live B16-luc cells after culture alone for 72 hours in the 
presence of Etomoxir and/or UK5099. Data are presented as mean ± SD and are 
representatives of three independent experiments with 3 replicate culture wells 
per group in a, or two independent experiments with the number of replicate 
culture wells per group as indicated in b-h (n = 7 wells in IAV AM + B16 group and 
n = 4 in other groups in b; n = 3 wells per group in c,d; n = 3 wells in PBS AM and 
IAV AM groups and n = 4 wells in other groups in e,f,g; n = 4 wells per group in h). 
One-way ANOVA followed by a Tukey test was performed to compare more than 
two groups.
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Extended Data Fig. 7 | Trained AMs are resistant to tumor immuno-
suppression in the lung. (a) Luciferin-based in vivo tumor imaging and (b) 
average radiance of luciferin signals in the lung area in PBS and day 30 IAV-
infected mice used for AM purification. (c-f) GSEA of ATAC-seq signals of genes 
related to phagocytosis (c), cell killing (d), glycolysis process (e), and reactive  
NO species metabolic process (f), in AMs from tumor bearing IAV-infected 
(IAV-B16) versus uninfected (PBS-B16) mice on day 9 post tumor inoculation.  
(g) Correlation analysis of transcriptional profiles of AMs from PBS, PBS-B16, 

IAV and IAV-B16 mice. Hierarchical clustering of RNA-seq data using Pearson 
dissimilarity (one-correlation) of the sample rlog values was generated 
by DESeq2.Bar graphs in b are presented as mean ± SD. Data in a,b are 
representatives of three independent experiments with n = 5 mice per group as 
indicated. Data in c-f are from one experiment with n = 3 mice per group. Data in 
g are representatives of two independent experiments with number of mice per 
group as indicated. Two-tailed Student t test was performed for comparisons 
between two groups.
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Extended Data Fig. 8 | Generation of anti-tumor trained immunity in AMs 
depends on IFNγ. (a) Quantification of IAV based on RT-PCR of NS1 gene 
transcripts in the lungs of wild type (WT) mice with or without depletion of CD4+ 
and CD8+ T cells in vivo, or IFNγ knockout mice (IFNγ−/−). ND = not detected.  
(b) Survival of B16-luc melanoma cells co-cultured for 72 hours with AMs  
from day 30 IAV-infected WT or IFNγ−/− mice with either standard IAV infection 
dose (120 pfu per mouse) or high infection dose (360 pfu per mouse).  
(c) Representative microscopic images on B16 melanoma cells co-cultured with 

AMs isolated from PBS or day 30 IAV-infected WT or IFNγ receptor knockout 
(IFNγR−/−) mice. Arrows indicate cellular clusters composed of B16 tumor cells 
and AMs. Bar graphs in a,b are presented as mean ± SD. Data are representatives 
of two independent experiments with number of mice or replicate culture wells 
per group as indicated (n = 3 mice per group in a; n = 4 wells in IFNγ−/− IAVhi dose 
AM group and n = 3 wells in other groups in b; n = 3 or 4 wells per group in c). 
One-way ANOVA followed by a Tukey test was performed to compare more than 
two groups.

http://www.nature.com/natureimmunology


Nature Immunology

Article https://doi.org/10.1038/s41590-023-01428-x

Extended Data Fig. 9 | Identification of AM subpopulations in human NSCLC 
tissues. (a) scRNA-seq violin plots showing a total of forty-two cell populations 
in human NSCLC tumor tissues. Macrophages (clusters 1, 2, 4, 5, 10, 11, 12, 20, 23, 
29, 36, 41) are characterized by co-expression of CD14, CD68, and MRC1, with or 

without VSIG4 and CD163 expression, after exclusion of monocyte populations. 
AMs (clusters 1, 2, 4, 5, 10, 11, 12, 20) are defined as macrophages that express 
resident AM markers including PPARG and SERPINA1.
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