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Significance

The immune responses that 
drive influenza outcomes are not 
fully characterized. Furthermore, 
the pleural cavity, which 
surrounds the lungs and contains 
immune cells, has not been well 
studied in the context of 
influenza. We used lung gene 
expression data from mouse 
models of mild and severe 
influenza to predict immune cell 
differences that associate with 
different disease outcomes. 
Pleural macrophages were 
predicted to be a positive 
correlate of mild disease. We 
established a mouse model of 
influenza disease and used it to 
show that pleural macrophages 
migrate to the lungs of infected 
mice to decrease disease 
severity. This study expands our 
knowledge of PM plasticity and 
provides a new source of lung 
macrophages that impact 
influenza outcomes.
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MICROBIOLOGY

Pleural macrophages translocate to the lung during infection 
to promote improved influenza outcomes
James P. Stumpff IIa , Sang Yong Kimb, Matthew I. McFaddenc,d , Andrew Nishidae, Roksana Shirazia , Yael Steuermanf, Irit Gat-Viksf,  
Adriana Foreroc,d, Meera G. Nairb , and Juliet Morrisona,1

Edited by Peter Palese, Icahn School of Medicine at Mount Sinai, New York, NY; received January 10, 2023; accepted October 30, 2023

Seasonal influenza results in 3 to 5 million cases of severe disease and 250,000 to 
500,000 deaths annually. Macrophages have been implicated in both the resolution and 
progression of the disease, but the drivers of these outcomes are poorly understood. We 
probed mouse lung transcriptomic datasets using the Digital Cell Quantifier algorithm 
to predict immune cell subsets that correlated with mild or severe influenza A virus (IAV) 
infection outcomes. We identified a unique lung macrophage population that transcrip-
tionally resembled small serosal cavity macrophages and whose presence correlated with 
mild disease. Until now, the study of serosal macrophage translocation in the context 
of viral infections has been neglected. Here, we show that pleural macrophages (PMs) 
migrate from the pleural cavity to the lung after infection with IAV. We found that 
the depletion of PMs increased morbidity and pulmonary inflammation. There were 
increased proinflammatory cytokines in the pleural cavity and an influx of neutrophils 
within the lung. Our results show that PMs are recruited to the lung during IAV infec-
tion and contribute to recovery from influenza. This study expands our knowledge of 
PM plasticity and identifies a source of lung macrophages independent of monocyte 
recruitment and local proliferation.

influenza | pleural cavity | macrophages | transcriptomics | tissue deconvolution

Influenza A virus (IAV) is responsible for seasonal epidemics and several pandemics that 
arose from a lack of immunity and human-to-human transmission (1). Despite current 
vaccine strategies, IAV remains a major public health concern. Patient outcomes of IAV 
infections depend on the delicate balance between immune protection and immunopa­
thology that is orchestrated by innate immune responses and subsequent adaptive immu­
nity (2). Further investigation into influenza outcomes is needed to understand the 
resolution of viral clearance and restoration of pulmonary homeostasis.

The host response to infection is an important determinant of influenza outcomes 
(3–7). For example, severe influenza outcomes are associated with high levels of proin­
flammatory cytokines and leukocytes in the lung (5, 7, 8). Patients hospitalized with severe 
seasonal influenza infections have a sustained increase in monocytes (9), and patients with 
severe avian influenza have elevated levels of inflammatory cytokines in their acute-phase 
sera (10–12). Infection with highly pathogenic IAVs such as the 1918 virus and avian 
H5N1 virus leads to a massive recruitment of neutrophils and inflammatory macrophages 
to the lungs of mice (3, 4). Depending on the virus strain, mice may develop progressive 
pneumonia characterized by extensive neutrophilia, hypercytokinemia, pulmonary edema, 
and reductions in alveolar gas exchange that are reminiscent of acute respiratory distress 
(ARDS) in human patients (13–16). We previously identified lung transcriptomic signa­
tures that distinguished mild and severe influenza outcomes in BALB/c mice infected with 
different IAV strains (17). A three-pronged lung signature consisting of decreased expres­
sion of lipid metabolism and coagulation genes and increased expression of proinflam­
matory cytokine genes was identified in mice that had succumbed to infection, while a 
signature of increased expression of lipid metabolism and coagulation genes and lower 
expression of proinflammatory cytokine genes was identified in mice that recovered from 
infection (17).

Serous membranes support and protect the internal organs of all vertebrate animals. 
Each serous membrane consists of two layers separated by a thin, fluid-filled serosal cavity. 
The serosal cavity that envelops the lungs is called the pleural cavity, while the cavities 
that surround the abdominal organs and the heart are known as the peritoneal cavity and 
the pericardial cavity, respectively. Serosal cavities contain multiple immune cells including 
innate B cells and T cells, but macrophages are a prominent cell population. Serosal 
macrophages are divided into small and large macrophages based on their cell size and 
surface marker expression. Small serosal macrophages are MHCII+F4/80− and constitute 
~10% of serosal macrophages, while large serosal macrophages are MHCII−F4/80+ and 
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comprise ~90% of serosal macrophages (18–20). Serosal mac­
rophages have been implicated in organ health. For example, 
postoperative gastrointestinal dysmotility can be ameliorated in 
mice by inhibiting peritoneal macrophage functions (21). 
Furthermore, large peritoneal macrophages enter the liver to pro­
mote wound healing in mouse models of sterile liver damage and 
dextran sulfate sodium (DSS)-induced intestinal colitis (22, 23), 
while large pericardial macrophages enter the heart to improve 
immune responses after myocardial infarction (24). However, 
small serosal macrophages have not been studied in diseases of the 
visceral organs, and serosal macrophages have never been studied 
in the context of viral infection.

In this manuscript, we use a systems biology approach as well 
as traditional “wet lab” techniques to identify a new lung mac­
rophage population that originates in the pleural cavity and pro­
motes recovery from influenza. To achieve this, we combined lung 
transcriptomic datasets to identify and confirm transcriptomic 
signatures that distinguish mild and severe influenza outcomes in 
mice. We then used a tissue deconvolution algorithm known as 
Digital Cell Quantifier (DCQ) to convert lung transcriptomic 
data into predictions of immune cell changes that precede different 
disease outcomes (25). We found that DCQ accurately predicted 
known cell population dynamics that occurred during influenza 
infection in vivo and further predicted a lung cell population that 
transcriptionally resembled small serosal macrophages and whose 
numbers positively correlated with recovery from influenza.

We used flow cytometry and microscopy to show that fluores­
cently labeled PMs migrate from the pleural cavity into the lung 
after infection with a seasonal influenza virus strain, pdmH1N1 
A/California/04/2009 (Cal09), after viral clearance has occurred 
and recovery has been initiated. In line with our DCQ predictions, 
we found that fewer PM translocated to the lung in mice that were 
infected with pdmH1N1 A/Netherlands/602/2009 (NL09), 
which causes more severe disease than Cal09. In addition, PM mig­
ration is not mouse strain-specific as both BALB/c and C57BL/6 
PMs migrate to the lung in response to IAV infection. We further 
show that depleting PMs causes increased virus-induced weight 
loss and a longer recovery time from IAV infection. PM depletion 
also increases inflammatory cytokine levels in the pleural cavity 
and lung and increased neutrophil infiltration in the lung after 
IAV infection.

We show that PMs translocate to the lung during IAV infection 
and that PMs are important for the resolution of IAV-induced 
lung disease. We demonstrate the utility of our systems approach 
for discovering immune cells subsets that correlate with mild and 
severe disease outcomes. Furthermore, our findings position the 
pleural cavity as an important contributor to lung homeostasis 
and the host response to pneumonia.

Results

Host Response Differences in Expression of Inflammatory, 
Metabolic, Cell Cycle, and Tissue Repair Genes Distinguish 
Influenza Disease Outcomes. Previously, we identified a gene 
expression signature in the mouse lung that could distinguish 
severe and mild influenza (17). We sought to expand our gene 
expression analysis to a wider range of influenza disease outcomes 
by including intermediate disease outcomes such as moderate 
weight loss and severe weight loss with subsequent recovery. 
Therefore, we integrated transcriptional data from our study (17) 
with data from an independent study of similar design (26). A 
description of the two studies and their combined weight loss 
outcomes are shown (Fig. 1 A and B). We restricted our analysis to 
those differentially expressed (DE) genes that had a log fold change 

of 2 or more with an adjusted P-value cut-off of 0.05. When 
DE genes were clustered based on their biweight midcorrelation 
(bicor) across samples, six gene expression modules were identified 
and assigned unique colors (Fig. 1C). We then used Ingenuity 
Pathway Analysis (IPA) to assign functional categories to the genes 
within each module. The red module was enriched for genes in 
inflammation-associated pathways such as “Granulocyte adhesion 
and diapedesis” and “Crosstalk between dendritic cells and natural 
killer cells”. The increased induction of red module transcripts was 
associated with increased weight loss. The orange module, which 
had a unique expression pattern, was enriched for genes involved 
in lipid metabolism (“LXR/RXR activation” and “FXR/RXR 
activation” pathways) and coagulation. Upregulation of genes in 
this module on any day post infection in dataset GSE36328 or 
on day 3 post infection in dataset GSE54048 was associated with 
survival. Thus, expression patterns of genes within the red and 
orange modules support our previous observation of perturbations 
in inflammation, lipid metabolism, and coagulation signaling gene 
expression (17).

We then characterized the genes in the other four expression 
modules. The yellow module, which contained genes involved in 
oxidative stress responses, did not have an obvious pattern that 
related to weight loss or mortality. The sky-blue module, which 
contained calcium and actin cytoskeleton signaling genes, also 
lacked a pattern with regard to weight loss and mortality. 
Interestingly, upregulation of black module genes on day 3 post 
infection was associated with infection by H1N1 viruses, but this 
upregulation was unrelated to weight loss or mortality. The black 
module contained mitosis and cell cycle control genes. The down­
regulation of genes in the dark-blue module, which was enriched 
for tissue repair mechanisms and metabolic response genes, was 
associated with increased weight loss. We hypothesized that this 
signature resulted from differential activation or infiltration of 
immune cells in the lungs of mice that recovered versus those that 
succumbed to IAV infection.

Several Immune Cell Types Are Predicted to Correlate with 
Influenza Disease Severity. To identify immune cell populations 
that were potentially associated with the weight loss and mortality 
outcomes, we employed a tissue deconvolution method known 
as DCQ. The DCQ algorithm compares the gene expression 
profiles from 207 different immune cells with whole organ 
transcriptional data to predict the quantities of immune cells 
within a complex organ (25). This method utilizes a panel of 
genes encoding cell surface markers that are commonly used 
for flow cytometry and whose transcript and protein levels are 
concordant (25). We took the populations measured by DCQ 
and used linear regression to identify the cell populations whose 
numbers were most highly associated with weight loss in infected 
animals. We identified 26 cell types that were positively or 
negatively correlated with influenza outcomes (Fig. 2). Loss of 
stem cell populations as well as lymphoid cells such as immature 
B and T cells and effector CD8+ T cells was associated with 
increased weight loss. An increase in monocytes, plasmacytoid 
dendritic cells (pDCs), and granulocytes was associated with 
increased weight loss. Though increases in several conventional 
dendritic cell (cDC) and macrophage populations were associated 
with increased weight loss and death, the presence of other 
cDC and macrophage populations was associated with mild 
disease and recovery. For example, decreases in CD103+ cDCs 
(DC.103+11B−.LU) were associated with increased morbidity 
and mortality. The presence of cells resembling MHCII+F4/80lo 
peritoneal macrophages (MF.II+480lo.PC) was associated with 
mild disease.
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Immune Cell Predictions Are Conserved across Multiple 
Transcriptomic Datasets. To further bolster the tissue decon­
volution predictions, we subjected two additional microarray 
datasets to DCQ. In Shoemaker et al. (GSE63786), C57BL/6 mice  
were infected with 105 PFU of Cal09 or H5N1 A/Vietnam/
1203/2004 (VN1203) IAV and monitored over the course of 7 d  

(27) (SI  Appendix, Fig.  S1A). Lungs from VN1203-infected 
mice were found to have higher viral loads and more pathology 
than lungs from Cal09-infected mice (27). In McDermott 
et  al. (GSE33263), C57BL/6 mice were infected with 102, 
103, or 104 PFU VN1203 (28) (SI Appendix, Fig. S1B). Higher 
inoculation titers led to increased weight loss and mortality (28). 

Fig. 1. Influenza disease outcomes are distinguished by host response differences in the expression of inflammatory, metabolic, cell cycle, and tissue repair 
genes. (A) Schematic showing the integration of BALB/C mouse data from GSE54048 and GSE36328. Experimental data were combined to produce (B) a combined 
weight loss dataset and a combined transcriptional dataset. (C) Hierarchical clustering of differential gene expression in murine lungs infected with influenza 
virus. Biweight midcorrelation clustering of 6,012 genes that were found to be differentially expressed in any one condition (infection and time). Genes shown 
in red were up-regulated and genes shown in blue were down-regulated relative to uninfected lungs. Weight loss data shown in (B) and (C) were obtained from 
Morrison et al. (17) and Josset et al. (26).

http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
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When GSE63786 and GSE33263 were run through the DCQ 
algorithm, we found that the 26 cell types identified from the 
BALB/c datasets (Fig.  2) largely showed a similar pattern in 
the C57BL/6 data (SI Appendix, Fig. S1 C and D). As with the 
BALB/c mice, an increase in monocytes and granulocytes was 
associated with increased tissue pathology and weight loss in 
C57BL/6 mice (SI Appendix, Fig. S1 C and D). Loss of stem cell 
populations, immature B and T cells, and effector CD8+ T cells 
was also associated with increased weight loss. Again, the presence 
of cells resembling MHCII+F4/80lo peritoneal macrophages was 
associated with mild disease (SI Appendix, Fig. S1 C and D). The 
only prediction that did not hold across the 4 datasets was that 
for pDC populations. Higher pDC numbers were associated with 
severe disease in BALB/c mice (Fig. 2) but were associated with 
mild disease in C57BL/6 mice (SI Appendix, Fig. S1).

Flow Cytometry Validates DCQ Predictions. DCQ accurately 
identified cell population dynamics that have been shown to occur 
during IAV infection in vivo (Fig. 2 and SI Appendix, Fig. S1). 
For example, CD103+CD11b− dendritic cell numbers decrease 
post infection, modeling what occurs in vivo when they exit the 
lung and traffic to the draining lymph nodes to present antigen 
to CD8+ T cells (29, 30).

To further emphasize the value of our approach, we conducted 
in vivo experiments to confirm some of the predictions. BALB/c 
mice were infected intranasally with 104 Cal09 virus to induce 
mild disease or 104 H1N1 A/Puerto Rico/1934 (PR8) virus to 
induce severe disease. Control mice received PBS intranasally. We 
isolated, stained, and subjected lung cells to flow cytometry on 
day 3 post infection. We validated the prediction that more neu­
trophils and Ly6C+ monocytes were recruited to the lung during 

Fig. 2. DCQ identified immune cell subsets that predict disease severity or recovery across independent experiments. We surveyed the in vivo dynamics 
across time and viral strains using the DCQ algorithm. Linear regression models revealed distinct immune cell populations predicted to drive disease morbidity 
as defined by weight loss following influenza virus infection. The heatmap represents the relative quantity of cell types with significant relationships (P < 0.05) 
between that cell type on at least 1 d to the weights on at least 1 d after filtering for observations where data for at least eight samples were available. Weight 
loss and viral load data were obtained from Morrison et al. (17) and Josset et al. (26).

http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
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severe disease (SI Appendix, Fig. S2) as has been described before 
(4, 9, 14, 31, 32).

DCQ Findings Guide the Generation of a Pleural Macrophage-
Centered Hypothesis. Our data thus far supported the idea of 
a MHCII+F4/80lo macrophage population that originates in a 
serosal cavity and is present in the lungs of mice that recover from 
influenza. Since the macrophage populations of the pleural and 
peritoneal cavities are analogous (18, 20), and the pleural cavity 
envelopes the lung, we hypothesized that the MHCII+F4/80lo 
lung macrophages predicted by DCQ originated in the pleural 
cavity. Though CD11b, CD115, F4/80, and MHCII are 
sufficient for distinguishing the two pleural macrophage (PM) 
populations, these markers are insufficient for distinguishing the 
various macrophage populations in the lung. To circumvent issues 
with lung macrophage identification, we focused instead on the 
potential origin of the unique lung population.

Influenza Virus Infection Promotes the Recruitment of Pleural 
Macrophages to the Lung. PMs were labeled in vivo by injecting 
a red phagocyte-specific dye (PKH26PCL; PKH) into the pleural 
cavities of mice 1 d prior to infection. When mice were infected 
intranasally with 102 PFU of Cal09, PKH-labeled cells accumulated 
in the lung (Fig. 3). Translocated PMs were detected in the lungs on 
days 6, 9, and 12 post infection, but more accumulation of the PKH+ 
PMs occurred on 9 and 12 d post infection when compared to the 
uninfected controls (Fig. 3 A–E). Flow cytometry gating strategies 
to distinguish pleural and lung macrophage subpopulations are 
outlined in SI Appendix, Figs. S3 and S4.

PKH+ cells in the lung were mostly CD64+MerTK+SiglecF−​
CD11b+, which are phenotypically like interstitial macrophages 
(IMs) (Fig. 3E). A smaller pool of PMs were CD64+MerTK+SiglecF+​
CD11b−, which resemble alveolar macrophages (AMs) (Fig. 3E). 
Heterogeneity amongst IMs has been researched in multiple stud­
ies (33–35). One way of distinguishing them is based on their 
expression of MHCII. We found that the majority of PKH+ lung 
cells resembled MHCII+ IMs (Fig. 3E). Accumulation of this 
MHCII+CD64+MerTK+SiglecF−CD11b+ population that had 
originated in the pleural cavity only occurred once animals began 
to regain weight and after they had cleared virus from their lungs 
(Fig. 3 F and G). We also observed an overall increase in the total 
number of IMs in the lung during IAV infection (Fig. 3 H–J).

To establish the location of the PKH+ PMs in the lung, frozen 
lung sections were immunostained and imaged by fluorescence 
microscopy 9 d post infection (Fig. 4A). PKH+ PMs in the lung 
were detected near the mesothelium (shown by the white dotted 
line) and within regions of dense DAPI signal (Fig. 4A). No PKH+ 
PMs were detected in the PBS mock-infected control group. To 
determine whether the migration of PMs occurs through the vas­
culature, immune cells were isolated from blood on 6, 9, and 12 
d post infection. Flow cytometric analysis showed no PKH+ PMs 
in the blood from either the infected or the control group indi­
cating that the labeled PMs had trafficked through the mesothe­
lium (Fig. 4B).

The genetic background of mice can lead to strain-specific dif­
ferences in PM behavior in steady state and during nematode 
infection (36). For example, C57BL/6 mice PMs are effective at 
nematode killing, while BALB/c mice PMs are not (36). Since 
DCQ predicted a lack of PMs in the lungs of mice infected with 
pathogenic strains of IAV, we asked whether PM accumulation in 
the lung would be less efficient during IAV infections that resulted 
in severe disease. To determine whether IAV-induced PM migra­
tion is mouse strain-specific and if it differs based on the virulence 
of the virus strain used for infection, we injected C57BL/6 J mice 

intrapleurally with PKH dye, then infected them with 100 PFU 
of Cal09 or pdmH1N1 A/Netherlands/602/2009 (NL09). We 
measured PM translocation at 6 DPI because half of the 
NL09-infected mice reached >25% body weight loss and had to 
be killed (Fig. 5A). PKH+ IMs were detected by flow cytometry 
in the lungs of both IAV-infected groups at day 6 post infection, 
but the Cal09-infected mice showed significantly higher accumu­
lation than the PBS control group, while the NL09-infected mice 
did not (Fig. 5 B and C). IAV infections led to increased MHCII+ 
and MHCII- IM numbers in C57BL/6 J mice (Fig. 5D)

Our in vivo labeling of PMs via intrapleural injection of PKH 
dye is a robust and convenient method for tracking PM move­
ment. PKH dye is widely used in similar experiments and has 
been shown to efficiently label and distinguish resident cells versus 
infiltrating cells without affecting the behavior of the labeled cells 
(23, 37–40). However, there was a possibility that phagocytosis 
of the PKH dye was inducing PMs to behave aberrantly and 
translocate to the lung during IAV infection. To exclude this 
hypothesis, we conducted additional experiments that were not 
reliant on fluorescently labeling the PMs. Instead, donor cells 
were pooled from the pleural cavities of C57BL/6 J-Ptprcem6LutzyJ 
mice expressing CD45.1+, and PMs were isolated via magnetically 
activated cell sorting (MACS) using positive selection for CD115+ 
cells. The donor PMs were then injected into the pleural cavity 
of recipient C57BL/6 J mice (CD45.2+) 1 d before infection 
with 100 PFU of Cal09 or mock infected with PBS. Robust 
accumulation of CD45.1+ PMs was detected in the lungs on day 
9 post infection in the Cal09-infected group compared to the 
mock-infected group (Fig. 5 E and F). As we had previously seen 
in the PKH experiments with Balb/C and C57BL/6 J mice, IAV 
infection led to increases in the MHCII+ and MHCII− IM 
populations (Fig. 5G).

Pleural Macrophage Depletion Leads to Increased Weight Loss 
and Slower Recovery from IAV Infection. Prior studies have 
identified roles for serosal cavity macrophages in models of liver, 
heart, and intestinal injury, showcasing differences in recruitment, 
wound repair, and weight loss (22–24). A recent study suggested 
a role for PMs in bacterial clearance in bacterial pneumonia (36). 
However, no study to date has investigated the role of PMs in 
viral infection. To test whether PMs affect influenza outcomes, we 
initially depleted PMs by injecting antibodies against CD115 and 
compared this to a control IgG-injected group. Mice were injected 
three times a week for 2 wk then infected with 100 PFU of Cal09. 
Infected mice receiving anti-CD115 lost more weight compared 
to the control group, but this difference was not statistically 
significant (SI Appendix, Fig. S5A). As this modest effect may have 
been due to inefficient PM depletion by the CD115 antibody, we 
compared the level of PM depletion in these animals to what we 
observed in mice that were intrapleurally injected with clodronate 
liposomes (CLL) for 24 h (SI Appendix, Fig. S5B). While anti-
CD115 injection depleted just ~50% of PMs, CLL injection 
depleted ~93% As such, clodronate liposomes (CLL), which 
deplete macrophages more effectively (SI  Appendix, Fig.  S5B), 
were used to deplete PMs in the rest of this study.

Flow cytometry confirmed that PMs were depleted from 1 d 
to at least 14 d after intrapleural CLL injection (SI Appendix, 
Fig. S6). Furthermore, intrapleural injection with CLL specifically 
depleted PMs (SI Appendix, Fig. S6). Importantly, macrophage 
and monocyte populations in the lung-draining lymph nodes 
(LDLNs) and lungs were unaffected by intrapleural CLL injection 
(SI Appendix, Fig. S6). To test whether PMs affect influenza out­
comes, we depleted PMs by injecting CLL into the pleural cavities 
of mice 1 d prior to infection with Cal09 virus. PM-depleted mice 

http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2300474120#supplementary-materials
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lost more weight compared to the PBS liposomes (PBSL)-injected 
control mice (Fig. 6A). However, lung viral loads were unaffected 
by PM depletion (Fig. 6B). Since PM depletion led to more 
IAV-induced weight loss, and inflammation has been shown to 

cause appetite suppression, which leads to reduced food intake 
and causes weight loss (41–43), we asked whether there were 
increased inflammatory cells and cytokines in the lungs of 
PM-depleted mice. By measuring the number of CD45+ cells in 

Fig. 3. Influenza virus infection promotes the recruitment of pleural macrophages to the lung. BALB/c mice were intrapleurally injected with PKH26PCL (PKH) dye 
1 d before they were intranasally infected with 102 PFU Cal09 virus or mock-infected with PBS as a control. (A–C) Quantification of live cell numbers of PKH+ AMs 
and IMs in Cal09- or mock-infected mice. Data are from two independent experiments. (D) Representative flow plots of PBS control mice. Data are representative 
of two independent experiments. (E) Representative flow plots of Cal09-infected mice. Data are representative of two independent experiments. (F) Weight loss 
curve of Cal09-infected versus control mice. Data are from two independent experiments. (G) Virus titers from lungs of mice in (F). (H–J) Quantification of live 
cell numbers of AMs and IMs in Cal09- or mock-infected mice. Data are from two independent experiments. Data shown as mean ± SEM (*P < 0.05, **P < 0.01, 
***P < 0.001, Student’s t test). AM = alveolar macrophage (MerTK+CD64+SiglecF+CD11b−); IM = interstitial macrophage (MerTK+CD64+CD11b+SiglecF−).
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the lung, we found that the number of total leukocytes in the 
lungs of PM-deficient and PM-sufficient mice was the same 
(SI Appendix, Fig. S7). However, when we looked at individual 
leukocyte populations, we found that CLL-treated mice had sig­
nificantly higher percentages of neutrophils and eosinophils than 
PBSL-treated mice did on days 3 and 6 post infection (SI Appendix, 
Fig. S7). There were also fewer Ly6Clo monocytes in CLL-treated 
mice (SI Appendix, Fig. S7). However, no significant differences 
were observed in Ly6Chi monocytes, DCs, and macrophage 
subsets (SI Appendix, Fig. S7). Our flow cytometry gating strategy 
for distinguishing lung leukocyte populations is outlined in 
SI Appendix, Fig. S8.

PM depletion led to increased lung and pleural cavity inflam­
mation after Cal09 infection as indicated by increased quantities 
of proinflammatory cytokines: interferon gamma (IFNγ), tumor 
necrosis factor alpha (TNFα), monocyte chemoattractant protein-1 
(MCP-1), interleukin-1 alpha (IL-1α), interleukin-6 (IL-6), and 
interleukin-1 beta (IL-1β) (Fig. 7A and SI Appendix, Fig. S9A).

Neutrophils were the dominant immune cell population that 
differentiated PM-sufficient and PM-deficient mice infected 
with IAV, with neutrophils accumulating to higher levels in the 
PM-deficient mice (SI Appendix, Fig. S7). As such, we asked 
whether there were any differences in the levels of the 
neutrophil-associated cytokines, CXCL1, CXCL2, or CCL7, in 
the lungs and pleural cavity. CXCL1 and CXCL2 have been 
shown to drive neutrophil recruitment resulting in increased 
pathogenesis, while CCL7 has been shown to increase monocyte 
and neutrophil recruitment (44–48). PM depletion did not 
affect CXCL1, CXCL2, or CCL7 levels in the lungs on days 3, 
6, or 9 post infection (Fig. 7B). However, CCL7 levels were 
significantly higher in the pleural fluid of PM-depleted mice on 
day 9 post infection (SI Appendix, Fig. S9B). Our data support 
a model wherein IAV infection of the lung compartment causes 
cytokine changes in both the lung and pleural cavity. These 
changes stimulate PMs to move across the mesothelial barrier 
from the cavity into the lung where they promote recovery from 
IAV infection by decreasing neutrophil infiltration and inflam­
mation (Fig. 7C).

Discussion

The impact of serosal macrophages on visceral organs has been 
an understudied area of research. However, a few key studies 
have described migration of serosal macrophages into visceral 
organs. These foundational studies focused on sterile injury or 
inflammation of the liver, heart, and intestine (22–24). Here, 
we identified a previously unrecognized role for PMs in influ­
enza. We found that IAV infection triggers the recruitment of 
mature macrophages from the pleural cavity, across the meso­
thelial layer, and into the lung. PMs are recruited after the clear­
ance of viral infection and when restoration of homeostasis is 
critical. We observed this by labeling PMs via intrapleural injec­
tion of PKH26PCL prior to IAV infection and then measuring 
their translocation using flow cytometry and immunofluores­
cence (Figs. 3 and 4). PM translocation was also confirmed with 
adoptive transfer experiments (Fig. 5). A recent study defined 
one population of IMs as nerve- and airway-associated mac­
rophages, which express MHCII and proliferate rapidly after 
IAV infection (49). Our data are supportive of this; we observed 
a robust increase in the numbers of IMs, most of which are an 
MHCIIhi subpopulation that peaked at 9 d post infection. We 
show that PMs that translocate to the lung contribute to this 
MHCIIhi IM pool and that this phenomenon is not mouse 
strain-specific (Figs. 3–5).

Our results differ from those of a recent study that described 
only surface accumulation of pleural and peritoneal macrophages 
after organ injury and did not identify a role for serosal mac­
rophages in tissue repair or regeneration (50). This difference may 
be explained by the timepoints used for observation or by the fact 
that the researchers only tracked the LPM population. We visu­
alized total PM translocation at late timepoints—during the res­
olution phase—of a seasonal IAV infection model and showed 
that PMs affect disease severity. Ablating PMs 1 d prior to infec­
tion led to increased weight loss, proinflammatory cytokines, and 
neutrophil influx in the lungs of IAV-infected mice.

Bénard et al. described increased bacterial burden and mortality 
upon PM depletion in a mouse model of bacterial pneumonia 

Fig. 4. PMs localize near the mesothelium. (A) Representative fluorescent images of BALB/c naive and Cal09-infected lungs harvested 9 d post infection. PMs 
were labeled in vivo with PKH dye (red) and counterstained with DAPI (blue). The mesothelium is outlined by the white dotted line. Data are representative of 
three independent experiments (n = 8–13 per group). (B) Flow cytometry of blood harvested on days 6, 9, and 12 post infection from mice that were intrapleurally 
injected with PKH26PCL dye then infected with Cal09. Data are representative of two independent experiments.
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(51). Unlike in Bénard et al., where bacterial burdens increased 
upon PM depletion and resulted in increased mortality, we saw 
increased disease severity without differences in viral titers between 
PM-depleted and control groups after IAV infection. Additionally, 
we showed that PMs traffic to the lung after IAV infection, while 
they did not report PM translocation (51).

An important feature of our study was the use of a systems 
approach to generate hypotheses. We identified signatures that 
distinguished mild and severe disease outcomes in mice by com­
bining lung transcriptomic data from two IAV mouse infection 
studies. We then used tissue deconvolution and linear regression 
to screen immune populations from the ImmGen database that 

Fig. 5. PM migration is not mouse strain specific and PM accumulation occurs predominantly during mild infection. C57BL/6 mice received an intrapleural 
injection of PKH or PBS 1 d before infection with 102 PFU of Cal09 or NL09 and were sacrificed on day 6 post infection (A–D). C57BL/6 received an intrapleural 
injection of donor CD45.1 (C57BL/6 J- Ptprcem6LutzyJ) PMs 1 d prior to infection with 102 PFU of Cal09 and were sacrificed on day 9 post infection (Right, E–G). 
(A) Weight loss was tracked over 6 d post infection (n = 3–4 per group). (B) Quantification of live cell numbers of PKH+ AMs and IMs in Cal09-, NL09-, or mock-
infected mice. (C) Representative flow plots of PBS-, Cal09-, or NL09-infected mice. (D) Quantification of live cell numbers of macrophages, AM, and IMs in PBS-, 
Cal09-, or NL09-infected mice. (E) Quantification of live cell numbers of CD45.1+ AMs and IMs. (F) Representative flow plots of PBS- or Cal09-infected mice.  
(G) Quantification of live cell numbers of macrophages, AMs, and IMs in PBS-treated or Cal09-infected mice. Data shown as mean ± SEM (*P < 0.05, **P < 0.01, ***P  
< 0.001, ****P < 0.0001, One-way ANOVA or Student’s t test). Mac (MerTK+CD64+) = macrophage; AM = alveolar macrophage (MerTK+CD64+SiglecF+CD11b−);  
IM = interstitial macrophage (MerTK+CD64+CD11b+SiglecF−).
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could be driving differences in infection outcomes. Though there 
is a great deal of heterogeneity amongst lung macrophage pop­
ulations (19, 20, 33–35, 52), the DCQ algorithm accurately 
predicted the presence of a population resembling small serosal 
macrophages that accumulated only in the lungs of animals that 
survived IAV infection. This prediction was foundational and 
served as an important tool for identifying a novel immune cell 
population in our system. Nevertheless, there are limits to tissue 
deconvolution approaches. Many macrophage populations from 
different organs share similar phenotypic markers which make 
it difficult to predict the origin of immune cell populations. In 
our case, the uniqueness of the small peritoneal macrophage 
transcriptome in ImmGen was an asset to our predictions and 
subsequent analyses. As such, characterizing additional immune 
populations of the serosal cavities and other unique niches will 
be useful for future predictions.

PMs are important immunomodulators that impact the recov­
ery of IAV-infected mice by decreasing pleural space inflammation 
and lung neutrophil infiltration (SI Appendix, Figs. S7 and S9). 
Tissue-resident macrophages have been shown to “cloak” proin­
flammatory debris to contain neutrophil-driven tissue damage 
and inflammation (53). Furthermore, attenuation of neutrophil 
influx in IAV infection can improve survival without impacting 
viral titers (31). Thus, it is feasible that recruited PMs may play a 
role in masking damage signals to prevent neutrophil infiltration. 
Pulmonary inflammation can lead to pleural inflammation, which 
is associated with increased mortality in pneumonia patients and 
in patients hospitalized with pleural effusion (54, 55). IFNγ levels 
were higher in both pleural fluid and lungs of IAV-infected, 
PM-depleted mice (Fig. 7 and SI Appendix, Fig. S9). IFNγ defi­
ciency has been shown to decrease susceptibility to lethal infection 
by increasing activation of group II innate lymphoid cells (ILC2s) 
(56). We also saw increased MCP-1 in the pleural cavity, and this 
has been shown to contribute to pleurisy and pleural effusion in 
carrageenan-induced pleurisy (57).

The pleural cavity may serve as a reservoir for other immune 
cells that can migrate to the lung. B1a cells, another pleural cavity 
immune cell population, have important roles in bacterial pneu­
monia and were shown to migrate to the lung after LPS challenge 
(58). Furthermore, during IAV infection, pleural cavity B1a cells 

have important pulmonary responses and are suggested to migrate 
to infected lungs (59). Whether other pleural cavity cell popula­
tions can migrate to the lung has not been determined, but when 
we looked at other innate immune cell populations, we did not 
detect PKH+ cells.

The role of the pleural cavity in other viral infections and second­
ary bacterial infections remains poorly understood. However, 
meta-analyses of SARS-CoV-2-infected patients showed that pleural 
effusion was associated with poorer COVID-19 prognoses (60). 
Similar observations have been seen in patients infected with IAV 
and/or bacteria (54, 55, 61–63). Additionally, pleural space inflam­
mation can provide protection against bacterial lung infection (51). 
Following viral infection, patients are left more vulnerable to subse­
quent pneumonia, but PMs may limit inflammation after infection 
and decrease susceptibility to pneumonia. There is therefore a need 
for more research into pleural cavity function in the context of lung 
infection. Altogether, we show that PMs migrate to the lung during 
IAV infection and play a role in limiting disease severity by modu­
lating inflammatory responses both in the pleural cavity and in the 
lung. Selectively targeting PMs could serve as a strategy for treating 
severe influenza and other lung and pleural diseases. Future studies 
to understand how PM translocation and plasticity are regulated are 
warranted.

Materials and Methods

Please see SI Appendix, Materials and Methods for a full description of the meth-
ods used.

Viruses. pdmH1N1 A/California/04/2009 and H1N1 A/Puerto Rico/8/1934 
were gifts from Dr. Adolfo García-Sastre (Icahn School of Medicine at Mount 
Sinai). pdmH1N1 A/Netherlands/602/2009 virus was a gift from Dr. Rong Hai 
(University of California, Riverside). Virus stocks were propagated in 8-d-old 
embryonated eggs (Charles River Laboratories) and titrated by plaque assays 
on MDCK cells.

The viruses described in Figs. 1 and 2 and SI Appendix, Fig. S1 are Br59 = H1N1  
(A/Brisbane/59/07); NJ76 = H1N1 A/New Jersey/8/76; Mex4482 = pdmH1N1  
(A/Mexico/4482/2009); Cal09 = pdmH1N1 (A/California/04/2009); maCal09 =  
mouse-adapted pdmH1N1 (A/California/04/2009); NL219 = H7N7 (A/
Netherlands/219/2003); Anhui01 = H7N9 (A/Anhui/1/2013); VN1203 = H5N1 
(A/Vietnam/1203/2004); 1918 = reconstructed H1N1 (A/South Carolina/1/18).

Fig. 6. PM depletion increases morbidity in IAV-infected mice. BALB/c mice received an intrapleural injection of CLL or PBSL 1 d before infection with 102 PFU 
of Cal09; weight loss was tracked and lungs were isolated for viral titers. (A) Weight loss was tracked for 14 d after Cal09-infection in both CLL- and PBSL-injected 
groups. Data are from two independent experiments (n = 10 per group). (B) Lung virus titers from CLL- and PBSL-injected mice.
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Mouse Experiments. Female BALB/c, C57BL/6 J, and C57BL/6 J- Ptprcem6LutzyJ 
mice, 8 to 12 wk old, were purchased from Jackson Laboratory.

Mice were injected intrapleurally, under isoflurane anesthesia, with 100 μL of 
10 μM PKH26PCL (PKH) fluorescent dye (Sigma Aldrich) 1 d before virus infection. 
In other experiments, mice were injected intrapleurally, under isoflurane anesthe-
sia, with 50 μL of clodronate liposomes or PBS control liposomes (Encapsula Nano 

Sciences) 1 d before virus infection. Alternatively, mice were injected intrapleurally, 
under isoflurane anesthesia, with 50 μL of anti-CD115 antibody (BioXcell) or IgG 
control (BioXcell) three times a week for 2 wk before infection. Mice were challenged 
intranasally, under isoflurane anesthesia, with 50 μL PBS containing pH1N1 A/
California/04/2009, A/Netherlands/602/2009 or H1N1 A/PR/8/1934 viruses, or 
mock challenged with PBS alone. Lungs were collected and homogenized in 1 mL 

Fig. 7. PM depletion leads to increased proinflammatory cytokine levels in the lungs on day 6 post infection. BALB/c mice received an intrapleural injection 
of CLL or PBSL 1 d before infection with 102 PFU of Cal09 and lungs were isolated on days 3, 6, and 9 post infection. (A) Cytokines from lung homogenates. (B) 
Neutrophil-attracting chemokines from lung homogenates. Data are from two independent experiments. (C) Proposed model of PM migration to the lung during 
IAV infection. Data shown as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t test)
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PBS and stored at −80 °C until virus titration. Viral titers were measured by plaque 
assays on MDCK cells.

Statistics

All results were presented as the mean ± SEM. R and GraphPad 
Prism 9.4 were used for statistical analyses. The analyses were 
conducted using Student’s t test for comparison between two 
groups and one-way ANOVA for comparisons between multiple 
groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and 
ns for not significant).

Study Approval

All experiments with mice were performed in accordance with 
protocols approved by the University of California Riverside 
Institutional Animal Care and Use Committee.

Data, Materials, and Software Availability. All study data are included 
in the article and/or supporting information. Previously published data were 

used for this work [GEO datasets GSE54048 (64), GSE36328 (65), GSE63786 
(66), and GSE33263 (67)].
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