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Dear Editor,
Preclinical studies have elegantly demonstrated that dis-
tinct populations of cavity-resident macrophages in the 
peritoneal and pleural spaces are ontogenically, transcrip-
tionally, and functionally related (Buechler et al., 2019). 
Notably, these cavities are recognized as immunosuppres-
sive environments that commonly facilitate cancer progres-
sion (Donnenberg et al., 2019; Morano et al., 2016; Porcel 
et al., 2015). Cavity-resident macrophages mediate a phys-
iological checkpoint that limited anti-tumor activity at 
these cancer sites (Chow et al., 2021). Previous genetic lin-
eage tracing has shown that, post-injury, cavity macro-
phages tend to accumulate on the surfaces of visceral 
organs, including the lungs (Jin et al., 2021, 2022), rather 
than deeply infiltrating the parenchyma (Deniset et al., 
2019; Wang and Kubes, 2016). However, it remains unclear 
whether, in the context of tumors, these cavity macro-
phages penetrate into the lung parenchyma and promote 
tumor growth. Utilizing dual recombinase-mediated genetic 
lineage tracing, we observed the infiltration of cavity mac-
rophages into lung tumor metastases. Furthermore, genetic 
ablation or sequestration of these cavity macrophages sig-
nificantly reduced tumor growth in the lungs. This obser-
vation underscores the crucial role that cavity macrophages 
play in supporting tumorigenic processes, suggesting that 

targeting these cells may represent a viable therapeutic 
strategy for mitigating lung tumor progression.

To simulate the recruitment and invasion of GATA6+ 
cavity macrophages in the B16F10 melanoma lung metas-
tasis mouse model, we employed the Gata6-rox-Stop-rox-
CreER (Gata6-iCreER) knock-in mice. In this model, Dre-rox 
removes a rox-flanked Stop sequence, yielding a Gata6-
CreER allele. We crossed these mice with CD45-Dre (Jin  
et al., 2021) and R26-tdTomato (R26-tdT) (Madisen et al., 
2010) mice to enable specific lineage tracing of pleural 
cavity macrophages (Fig. 1A). CD45 markers can distin-
guish macrophages (CD45+) from CD45− organ cells like 
hepatocytes, cardiomyocytes, etc. The GATA6 marker can 
differentiate cavity macrophages (GATA6+) from recruited 
monocytes or tissue-resident macrophages (GATA6−). 
Therefore, theoretically, double-positive cells 
(CD45+GATA6+) would be cavity macrophages, distinct 
from tissue-resident macrophages, monocytes, and other 
cell lineages such as hepatocytes, cardiomyocytes, or lung 
epithelial cells (Fig. 1B). For proof of principle, we crossed 
CD45-Dre; Gata6-iCreER mice with R26-tdT mice and ana-
lyzed the labeling of monocytes and macrophages 2 
weeks after tamoxifen (Tam) treatment (Fig. 1C). Immu-
nofluorescent (IF) staining revealed that the majority of 
pleural macrophages expressing GATA6 and F4/80 were 
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Figure 1.  Pleural cavity macrophages invade into lung tumors. (A) Schematic figure showing CD45-Dre mediates Stop cassette removal 
from Gata6-iCreER and places CreER directly under the Gata6 promoter. After tamoxifen (Tam), Cre-loxP recombination labels cells by 
tdT. (B) Intersectional genetics marks CD45+GATA6+ cells as tdT+. (C) Schematic figure showing experimental design using cavity mac-
rophage tracing tool CD45-Dre; Gata6-iCreER; R26-tdT. (D) Immunostaining for tdT, GATA6, and F4/80 on dissociated cells from the pleural 
cavity. Boxed regions are magnified. Scale bars, 50 µm. (E) Quantification of the proportion of F4/80+ macrophages that express tdT, and 
the proportion of tdT+ cells that express F4/80. Data are the mean ± SD; n ≥ 5. (F) Flow cytometric analysis of the percentage of tdT+ cells 
in macrophages from the pleural cavity with Tam. (G) Quantification of the percentage of tdT+ cells in F4/80+ macrophages. Data are 
the mean ± SD; n = 5 mice per group. (H) A schematic showing the experimental strategy. (I) Whole-mount fluorescence images and 
immunostaining for CD45 and tdT show no resident tdT+ macrophages in the lung. Scale bar: 1mm (upper panel), 100µm (lower panel). 
(J) Whole-mount bright-field and fluorescence images of lungs from mice inoculated with B16F10 cells. Scale bar: 1mm. (K and L) Flow 
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tdT+ in Tam-treated CD45-Dre; Gata6-iCreER; R26-tdT mice 
(Fig. 1D). Quantitative analysis revealed that all tdT+ cells 
expressed F4/80, and 79.2% of F4/80+ cells were positive 
for tdT (Fig. 1E). Virtually fluorescence-activated cell 
sorter (FACS) analysis showed all tdT+ pleural cells 
(>99.5%) were CD11b+F4/80+ (Fig. 1F and 1G), indicating 
high specificity of CD45-Dre; Gata6-iCreER for labeling cav-
ity macrophages. Adult CD45-Dre; Gata6-iCreER; R26-tdT 
mice (8 weeks old) were administered Tam for 1 week to 
induce gene recombination. Two weeks after the final 
Tam treatment, mice were intravenously injected with  
2 × 105 B16F10 melanoma cells via the tail vein to estab-
lish a lung metastasis model (Fig. 1H). In lungs collected 
from mice treated with phosphate-buffered saline (PBS), 
we did not detect tdT expression in CD45+ cells, excluding 
ectopic labeling of resident macrophages or other hema-
topoietic cell lineages in visceral organs (Fig. 1I). Notably, 
whole-mount fluorescent imaging revealed prominent 
tdT+ signals covering the tumor surface (Fig. 1J). Flow 
cytometric analysis showed the presence of infiltrated 
pleural cavity macrophages in the melanoma (Fig. 1K). 
Quantification data indicated that tdT+ macrophages con-
stituted approximately 3.6% of all lung macrophages in 
the mice inoculated with B16F10 melanoma cells, com-
pared to minimal tdT+ macrophages detected in control 
lungs without tumor inoculation (Fig. 1L). Immunostain-
ing for tdT and F4/80 on lung sections revealed an accu-
mulation of tdT+ cavity macrophages within tumors at 
the lung periphery (Fig. 1M). Importantly, pleural cavity 
macrophages did not infiltrate the normal (non-tumor) 
alveolar region or the adventitial space, suggesting their 
specific involvement in tumors. Quantification of the 
immunofluorescence-stained images of lung edge tumors 
showed that tdT+ cells constituted about 50% of the mac-
rophages infiltrating the tumors (Fig. 1N), indicating a 
significant involvement of pleural cavity macrophages in 
the tumor growth and suggesting a crucial role in shaping 
the tumor microenvironment. To further investigate 
whether pleural cavity macrophages are able to infiltrate 
other types of tumors, we employed two additional tumor 
cell lines, the mouse hepatoma cell line Hepa1-6 (Hepa1-
6) and Lewis lung Carcinoma (LLC) (Fig. S1), both of which 
are capable of forming lung metastases. Three weeks 
after tumor cell injection, whole-lung fluorescence imag-
ing of CD45-Dre; Gata6-iCreER; R26-tdT mice revealed a 
strong accumulation of red fluorescent signals over the 
tumor regions (Fig. S1A, S1B, S1E, and S1F). This pattern 
was consistently observed in both Hepa1-6 and LLC lung 
metastasis models. Further analysis of lung sections by 
immunofluorescence staining for F4/80 and tdT revealed 
that pleural cavity macrophages contributed to 

approximately half of the macrophage population within 
the tumor regions (Fig. S1C, S1D, S1G, and S1H). These 
findings are consistent with those observed in the B16F10 
melanoma lung metastasis model, suggesting a general-
izable role of pleural cavity macrophages across different 
tumor types.

To specifically elucidate the role of GATA6+ cavity mac-
rophages in influencing tumor growth, we aimed to selec-
tively ablate these cells during the progression of tumor 
development. We engineered a Gata6-RSR-tdT-DTR knock-in 
mouse line, wherein a genetic construct driven by the 
Gata6 promoter enables the expression of both the diph-
theria toxin receptor (DTR) and tdT following the excision 
of a rox-Stop-rox sequence in Dre-expressing cells (Fig. 2A). 
In the CD45-Dre; Gata6-RSR-tdT-DTR mice, Dre-rox recom-
bination specifically removes the RSR cassette in CD45+ 
cell lineages, resulting in the exclusive expression of tdT 
and DTR in GATA6+ pleural or peritoneal cavity macro-
phages (Fig. 2A and 2B). To assess the efficiency of tdT+ cell 
ablation, adult mice were treated with either diphtheria 
toxin (DT) or PBS (Fig. 2B). Immunostaining of isolated 
cavity cells demonstrated the colocalization of tdT and 
DTR expression within peritoneal and pleural cavity mac-
rophages (Fig. 2C), confirming the successful creation of a 
cavity macrophage-specific DTR expression system. Addi-
tional IF staining and flow cytometric analysis consis-
tently showed that the majority of pleural and peritoneal 
macrophages expressing GATA6 and F4/80 were tdT pos-
itive (Figs. 2D, S2A and S2B). In DT-treated Cd45-Dre; Gata6-
RSR-tdT-DTR mice, tdT+ cavity macrophages were markedly 
reduced within 3 days, as confirmed by immunostaining 
for tdT, compared with PBS controls (Fig. 2D and 2E). Flow 
cytometric analysis further confirmed a significant reduc-
tion in the percentage of tdT+ macrophages among CD45+ 
peritoneal or pleural cells (Fig. 2F and 2G). Considering the 
concern regarding the potential resistance of immune 
cells to DT-mediated depletion, we sought to evaluate the 
duration of DT-induced depletion of cavity macrophages. 
We accordingly evaluated the numbers of pleural and 
peritoneal cavity macrophages 3 weeks after DT admin-
istration, ensuring consistency in the experimental time-
line (Fig. S2C). Flow cytometry analysis demonstrated that, 
3 weeks after DT treatment, the proportions of pleural and 
peritoneal cavity macrophages remained significantly 
lower than those in the PBS control group, indicating a 
sustained depletion effect (Fig. S2D and S2E). Moreover, an 
absence of tdT expression in GATA6+ cells across all exam-
ined visceral organs from CD45-Dre; Gata6-RSR-tdT-DTR 
mice confirmed that there was no ectopic labeling of 
tissue-resident macrophages or hematopoietic cell lin-
eages in these organs (Fig. S2F and S2G). Overall, the 

cytometric analysis of the percentage of F4/80+ macrophages expressing tdT. Data are the mean ± SD; n = 5 mice per group. (M) Immu-
nostaining for tdT and F4/80 on lung sections. Scale bar: 100µm. (N) Quantification of the percentage of F4/80+ macrophages expressing 
tdT in tumors located at the lung periphery. Data are the mean ± SD; n = 5 mice per group.
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development of the CD45-Dre; Gata6-RSR-tdT-DTR mouse 
line facilitates specific and efficient ablation of endoge-
nous cavity macrophages.

We next examined the role of pleural cavity macro-
phages in the B16F10 melanoma lung metastasis  
mouse model by treating CD45-Dre; Gata6-RSR-tdT-DTR 
mice with DT or PBS (Fig. 2H). DT-treated CD45-Dre; 

Gata6-RSR-tdT-DTR mice exhibited significant resistance 
to B16F10 cell metastasis in the lungs compared to PBS-
treated controls (Fig. 2I). By day 21, whole-mount bright 
field imaging showed significantly fewer metastatic mel-
anoma lesions on the lung surface in DT-treated mice 
(Figs. 2J, S3A and S3B). Additionally, Masson-Fontana stain-
ing revealed a marked decrease in the area of lung 

Figure 2.  The function of pleural cavity macrophages in lung tumors. (A) A schematic showing the knock-in strategy for the gener-
ation of the Gata6-RSR-tdT-DTR allele. (B) A schematic showing the experimental strategy. (C) Immunostaining for tdT and DTR on 
dissociated cells from the pleural and peritoneal cavity. (D) Immunostaining for GATA6, tdT, and F4/80 on the dissociated cells. (E) 
Immunostaining for tdT on dissociated cells from mice treated with DT. (F and G) Flow cytometric analysis of the percentage of tdT+ 
cells in immune cells from the pleural and peritoneal cavities of mice treated with PBS or DT. (H) A schematic showing genetic ablation 
of cavity macrophages. (I) Quantification of the number of B16F10 lung metastases. Data are the mean ± SD; n = 5 mice per group. (J) 
Quantification of the ratio of tumor-covered area to total lung area. Data are the mean ± SD; n = 5 mice per group. (K) Kaplan–Meier 
plot illustrating the survival rates of mice in the study. n = 5 mice per group. (L) A schematic figure showing the experimental design 
of Gata6 deletion in cavity macrophages. (M) Quantification of the number of B16F10 lung metastases. Data are the mean ± SD; n = 5 
mice per group. (N) Quantification of the ratio of tumor-covered area to total lung area. Data are the mean ± SD; n = 5 mice per group. 
(O) Kaplan–Meier plot illustrating the survival rates of mice in the study. n = 5 mice per group. (P) Cartoon image showing ablation of 
Gata6+ pleural cavity macrophages (GPCMs) significantly reduces tumors in the lung. Scale bar: 100 µm.
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metastasis in DT-treated CD45-Dre; Gata6-RSR-tdT-DTR 
mice compared to the control group (Fig. S3A and S3B). 
These mice also demonstrated an extended survival rate 
(Fig. 2K). Given that GATA6 is a key transcription factor 
influencing the survival and proliferation of peritoneal 
macrophages (Rosas et al., 2014), we proceeded to knock 
out Gata6 in cavity macrophages. We crossed CD45-Dre; 
Gata6-iCreER; R26-tdT mice with Gata6-flox mice (Sodhi 
et al., 2006), and treated the offspring, CD45-Dre; Gata6-
iCreER/flox; R26-tdT mice, with Tam between weeks 8 and 
9 of age to simultaneously label cavity macrophages and 
delete Gata6 (Fig. 2L). Two weeks later, these mice were 
inoculated with B16F10 melanoma cells. Littermate CD45-
Dre; Gata6-iCreER; R26-tdT mice served as control. To exam-
ine how Gata6 gene knockout affects the number of 
pleural cavity macrophages, we performed flow cytomet-
ric analysis to quantify the absolute numbers of pleural 
cavity macrophages, peritoneal macrophages, and 
tumor-infiltrating pleural macrophages. We found that 
specific deletion of Gata6 led to a marked reduction in the 
number of cavity macrophages in the peritoneal and pleu-
ral spaces, as well as within the tumor (Fig. S3C and S3D). 
Whole-mount bright field images and Masson-Fontana 
staining of lungs showed that a significant reduction of 
tumor numbers in cavity macrophage-specific Gata6 
knockout mice compared to control mice (Fig. 2M, 2N, S3E 
and S3F). Additionally, the survival of CD45-Dre; Gata6-
iCreER/flox; R26-tdT mice was notably increased compared 
to the control mice (Fig. 2O). Taken together, the ablation 
of cavity macrophages or knockout of Gata6 in these cells 
resulted in reduced metastasis, decreased tumor burden, 
and notably extended survival rates.

To assess the role of pleural cavity macrophages in 
established tumors, we initiated DT treatment 2 weeks 
after intravenous inoculation of melanoma cells, allowing 
sufficient time for tumor establishment, and performed 
analysis in the third week (Fig. S4A). Whole-mount bright 
field imaging revealed a trend of decreased lung metasta-
ses in DT-treated mice compared to PBS controls, but with-
out statistical significance (Fig. S4B–D). Further 
Masson-Fontana staining revealed a slight decrease in 
tumor area, and the survival curve suggested a potential 
improvement in survival following DT treatment (Fig. S4B–
F). Based on the above experimental results, DT-mediated 
depletion of pleural cavity macrophages after tumor estab-
lishment showed limited efficacy in suppressing tumor 
progression. These findings suggest that pleural cavity 
macrophages play a pivotal role during the early establish-
ment phase of lung tumors, facilitating initial tumor 
growth and microenvironmental conditioning. Their influ-
ence appears to diminish but may still persist to a limited 
extent once tumors are more established. Therefore, tar-
geting these cells may be most effective at early stages of 
tumor development. To investigate the role of cavity mac-
rophages in the development of primary tumors derived 

from inoculated melanoma cells, we directly injected 
B16F10-Luc cells into the pleural cavity, where they formed 
primary tumors (Fig. S4G). This model allowed us to explore 
the specific functions of pleural cavity macrophages in the 
local tumor microenvironment. Bioluminescence imaging 
showed that depletion of pleural cavity macrophages 
markedly inhibited the growth rate of primary tumors (Fig. 
S4H and S4I). Taken together, these results indicate that 
pleural cavity macrophages promote the growth of both 
metastatic and primary melanoma tumors.

To explore the mechanisms behind the role of cavity 
macrophages in tumorigenic processes, we included a 
comprehensive immune profiling analysis to investigate 
how depletion of cavity macrophages contributes to 
reduced tumor growth in the B16F10 melanoma lung 
metastasis model. Flow cytometry was used to analyze 
changes in the proportions of immune cells in lung 
tumors and pleural cells following the depletion of cavity 
macrophages (Fig. S5A). We examined the changes in the 
proportions of lymphoid and myeloid cells separately. For 
myeloid cells, monocytes were identified as 
CD11b+LY6G−LY6C+, neutrophils as CD11b+LY6G+, and 
macrophages as F4/80+ cells. For lymphoid cells, T cells 
were identified as CD3+, B cells as CD19+, and natural killer 
(NK) cells as CD3−CD19−NK1.1+ cells. Compared with mice 
not treated with DT, we found no significant changes in 
the proportions of neutrophils and macrophages among 
myeloid cells in lung tumors (Fig. S5B). However, the pro-
portion of monocytes was increased, which we speculate 
may be due to a compensatory response in which mono-
cytes capable of differentiating into macrophages par-
tially compensate for the loss of cavity macrophages. 
Among lymphoid cells, we observed an increased propor-
tion of T cells, a decreased proportion of B cells, and no 
significant change in the proportion of NK cells (Fig. S5B). 
We also analyzed cells from the pleural cavity. In 
DT-treated mice, macrophages were nearly undetectable, 
while the proportion of monocytes was markedly 
increased. In contrast, the proportion of neutrophils 
remained largely unchanged (Fig. S5C). For lymphoid cells, 
the changes in cell proportions within the pleural cavity 
were similar to those observed in the tumor. The propor-
tions of T cells and NK cells were increased, while the 
proportion of B cells was reduced (Fig. S5D). Given the 
observed increase in T-cell proportions and the reduced 
tumor growth following macrophage depletion, we fur-
ther examined the proportion of cytotoxic CD8+ T cells. 
We found that the depletion of pleural cavity macro-
phages led to an upregulation of cytotoxic T cells in both 
the tumor and the pleural cavity (Fig. S5E and S5F). Based 
on the above analysis of immune cells in the tumor and 
pleural cavity, we propose that depletion of pleural cavity 
macrophages promotes the accumulation of cytotoxic T 
cells, thereby enhancing anti-tumor immune responses 
and contributing to the suppression of tumor growth.
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This study effectively utilized a dual recombinase-me-
diated genetic system to trace pleural cavity macrophages 
in a B16F10 melanoma lung metastasis mouse model. Fate 
mapping demonstrated that these cavity macrophages 
significantly infiltrate the tumor, constituting a substan-
tial portion of its macrophage population. Crucially, the 
genetic ablation or knockout of Gata6 in these macro-
phages led to a decreased tumor burden and improved 
survival rates. These findings underscore the pivotal role 
of cavity macrophages in tumor growth and metastasis 
dynamics, suggesting that targeting these cells may rep-
resent a promising therapeutic strategy for tackling tumor 
progression. The cellular dynamics observed in our work 
indicate that the molecular mechanisms driving the 
migration and functional activities of cavity macrophages 
merit further investigation, potentially revealing new ther-
apeutic targets per se.

Supplementary data
Supplementary data is available at Protein & Cell online at 
https://doi.org/10.1093/procel/pwaf078.
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