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Recruited monocytes and Th2 cytokine signaling promote lung 
regeneration following pneumonectomy

Andrew J. Lechner1, Ian H. Driver1, Jinwoo Lee2, Carmen M. Conroy1, Abigail Nagle1, 
Richard M. Locksley2, and Jason R. Rock1,*

1Department of Anatomy, University of California, San Francisco

2Department of Medicine and Howard Hughes Medical Institute, University of California, San 
Francisco

Summary

To investigate the role of immune cells in lung regeneration, we used a unilateral pneumonectomy 

model that promotes the formation of new alveoli in the remaining lobes. Immunofluorescence 

and single cell RNA- sequencing found CD115+ and CCR2+ monocytes and M2-like 

macrophages accumulating in the lung during the peak of type 2 alveolar epithelial stem cell 

(AEC2) proliferation. Genetic loss of function in mice and adoptive transfer studies revealed that 

bone marrow-derived macrophages traffic to the lung through a CCL2-CCR2 chemokine axis and 

are required for optimal lung regeneration, along with Il4ra-expressing leukocytes. Our data 

suggest that these cells modulate AEC2 proliferation and differentiation. Finally, we provide 

evidence that group 2 innate lymphoid cells are a source of IL13 that promotes lung regeneration. 

Together, our data highlight the potential for immunomodulatory therapies to stimulate 

alveologenesis in adults.
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Introduction

The past few decades have brought many discoveries about the identities and behaviors of 

epithelial stem cells in the lung (Hogan et al., 2014; Kotton and Morrisey, 2014; Rock and 

Hogan, 2011). These data have intensified efforts toward stimulating the regeneration of the 
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human lung from endogenous progenitors to ameliorate declining function associated with 

aging and progressive end stage disease. However, the realization of this goal requires a 

more complete knowledge of the molecular and cellular events mediating lung homeostasis, 

pathological remodeling and regeneration.

In some species, partial pneumonectomy (PNX), the surgical removal of one or more lung 

lobes, stimulates compensatory growth in the remaining lobes that restores alveolar surface 

area and diffusing capacity (Buhain and Brody, 1973; Dane et al., 2013; Fehrenbach et al., 

2008; Ravikumar et al., 2013; Voswinckel et al., 2004). This compensatory growth requires 

the coordinated proliferation and rearrangement of numerous epithelial and stromal cell 

types, including type 2 alveolar epithelial cells (AEC2s), an epithelial stem cell population 

capable of self-renewal and differentiation into type 1 alveolar epithelial cells (AEC1s) 

(Barkauskas et al., 2013; Brody et al., 1978; Desai et al., 2014; Ding et al., 2011; Hoffman et 

al., 2010; Li et al., 2013; Nolen-Walston et al., 2008; Rock et al., 2011a). Recent efforts have 

elucidated some components of the regenerative AEC2 niche, but the roles of recruited and 

resident lung macrophages during adult alveologenesis post-PNX remain unclear (Chamoto 

et al., 2012 Chamoto et al., 2013; Chen et al., 2012; Ding et al., 2011; Rafii et al., 2015).

Tissue macrophages in different organs are heterogeneous with respect to origin, marker 

expression, and functions. Recent work has helped to delineate these parameters for 

macrophages in the lung (Tan and Krasnow, 2016). Three main subpopulations of lung 

macrophages have been characterized by their ontogeny, mode of maintenance, and location 

within the tissue. Two of these, “primitive” interstitial macrophages and alveolar 

macrophages, are derived from hematopoietic progenitors arising from the yolk sac and fetal 

liver, respectively. The third population of “definitive” interstitial macrophages is derived 

from circulating bone marrow-derived monocytes and replaces the “primitive” interstitial 

macrophages over time. Recent data suggest that lung macrophages are maintained 

independently by self-renewal under steady-state conditions (Guilliams et al., 2013; 

Hashimoto et al., 2013; Hoeffel and Ginhoux, 2015; Hoeffel et al., 2015; Jakubzick et al., 

2013; Perdiguero et al., 2015; Schulz et al., 2012; Suzuki et al., 2014; Yona et al., 2013). 

Bone marrow-derived and circulating monocytes replenish and supplement resident 

macrophages only after tissue macrophage depletion and during some inflammatory/

regenerative states (Hashimoto et al., 2013; Yona et al., 2013), often through a mechanism 

involving the chemokine receptor CCR2 (Willenborg et al., 2012; Lee et al., 2015; 

Nishiyama et al., 2015; Ramachandran et al., 2012). Both resident and recruited 

macrophages are capable of proliferation at their sites of action (Davies et al., 2013).

Mounting evidence supports a model in which macrophages play essential roles in the 

regeneration of organs including limbs, intestines, liver, kidney, and heart (Aurora and 

Olson, 2014; Aurora et al., 2014; Boulter et al., 2012; Dutta et al., 2015; Epelman et al., 

2014; Gibbons et al., 2011; Godwin et al., 2013; Lin et al., 2010; Pull et al., 2005; 

Ramachandran et al., 2012). However, while their roles in lung host defense are relatively 

well established (Aggarwal et al., 2014; Herold et al., 2011), including how epithelial-

macrophage crosstalk regulates lung immunity (Westphalen et al., 2014), little is known 

about how macrophages might modulate lung regeneration, including adult alveologenesis. 

The pathology of bleomycin-induced lung fibrosis in mice was worsened when 
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inflammatory monocytes were adoptively transferred during the fibrotic stage, but also when 

macrophages were depleted during the recovery stage (Gibbons et al., 2011). These data 

illustrate a dynamic requirement for macrophages in lung maintenance and repair. Increased 

numbers of alveolar macrophages have been reported in the context of PNX-induced lung 

regeneration (Chamoto et al., 2012 Chamoto et al., 2013), and parabiosis experiments 

demonstrated that this results from local proliferation rather than recruitment from 

circulation (Chamoto et al., 2012). Whether these cells affect lung regeneration was not 

addressed. This same group showed that Cd11b is required for optimal regeneration 

(Chamoto et al., 2013). However, the nonspecific expression of Cd11b by a number of 

leukocyte subpopulations, both interstitial and in the airspace, leaves many unanswered 

questions regarding the mechanisms by which resident and recruited cells promote lung 

regeneration.

Once macrophages arrive at their site of action, they are polarized along a spectrum by 

microenvironmental cues (Martinez and Gordon, 2014; Murray et al., 2014). Generally 

speaking, classically activated macrophages (M1) are associated with inflammatory 

conditions, while “alternatively activated” macrophages (M2) have been implicated in 

wound repair and tissue regeneration (Aurora and Olson, 2014; Aurora et al., 2014; Gibbons 

et al., 2011; Gordon and Martinez, 2010). Cytokines associated with type 2 immunity, such 

as IL-4 and IL-13 signaling through IL4-Rα heterodimers, can induce M2 macrophage 

polarization and variably activate transcription of Arg1, Fizz1, Ym1 (Chil3), and Mrc1 
(Stein et al., 1992). M2 macrophages are best defined functionally. For example, M2 

macrophages may dampen inflammation through IL-10 secretion, secrete growth factors that 

directly affect stem cell behavior, or remodel matrix to reverse fibrosis (De’Broski et al., 

2004; Ruffell et al., 2009; Shiraishi et al., 2016). M2-polarized macrophages may arise from 

either tissue resident or monocyte-derived macrophages (Arnold et al., 2007; Egawa et al., 

2013; Shechter et al., 2013). The polarization state of macrophages in the regenerating lung 

following PNX has not been reported.

Here, we use flow cytometry, immunofluorescence, and both population level and single cell 

RNA sequencing to characterize the dynamics of macrophage subpopulations following 

PNX. Myeloid cells in the regenerating lung were most abundant at the peak of AEC2 stem 

cell proliferation. We use genetic loss of function and adoptive transfer experiments to 

demonstrate that recruited CCR2 monocytes and Th2 cytokine signaling are critical 

components of the regenerative niche required for lung regeneration post-PNX. Our data 

suggest that monocytes and macrophages stimulate AEC2 progenitor cell behaviors. Finally, 

we provide evidence that type 2 innate lymphoid cells are a source of IL13 in the 

regenerating lung. These data establish important roles myeloid cells in promoting 

regenerative alveologenesis.

Results

Increased numbers of macrophages in the regenerating lung post-PNX

Immunofluorescence on sections of lungs from Csf1r-GFP reporter mice, in which 

macrophages, monocytes and some dendritic cells express green fluorescent protein (GFP) 

(Rae et al., 2007), showed a peak in the number of GFP+ cells at 7d post-PNX and a return 
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to steady state by 14d (Figure 1A). These cells were localized throughout the tissue, in close 

proximity to AEC2s and at the periphery of the lung where the majority of alveologenesis is 

thought to occur (Figure S1) (Konerding et al., 2012). Flow cytometry showed that CSF1R-

GFP+, F4/80+ lung macrophages were significantly increased 7d post-PNX (18.6% +/

− 2.8% of total live cells) compared to 7d post-sham littermate controls (14.4% +/− 2.1%) 

(Figure 2B). These data are consistent with a previous report demonstrating an increase in 

lung macrophages after PNX (Chamoto et al., 2012). Both interstitial macrophages/

circulating monocytes (F4/80+, CD11b+) and alveolar macrophages (F4/80+, CD11c+) were 

significantly increased at 7d after PNX (29.1% +/− 3.2% of CD45+ and 15.4% +/− 2.1% of 

CD45+, respectively) compared to sham surgery (19.9% +/− 2.7% and 9.6% +/− 1.6%) 

(Figures 1C, 1D, 1E, and 1F). We also observed a transient increase in neutrophils (CD45+, 

CD11b+, Ly6G+) 4d after PNX, but this subsided by 7d after PNX when macrophage 

numbers and epithelial proliferation peaked (Figure S1).

Next, we isolated resident and recruited macrophages (CD45+, CSF1R-GFP+, F4/80+, 

Ly6G−) by FACS 7d post-PNX. Negative selection for Ly6G eliminated neutrophils that can 

express GFP in Csf1r-GFP reporter mice (Sasmono et al., 2007). We performed single cell 

RNA sequencing of 68 individual cells. Unsupervised hierarchical clustering revealed 

subpopulations of cells defined by distinct but partially overlapping transcriptional profiles 

(Figures 1G and 1H). These included CCR2+;Ly6c+ recruited monocytes (orange) and 

CD206+;Chil3+ “M2-like” macrophages (red). We performed additional single cell RNA 

sequencing on macrophages from sham operated mice to allow comparison of macrophage 

subpopulations in response to PNX. Markers of monocytes (CCR2) and M2-like 

macrophages (CD206 and Arg1) were enriched 7d post-PNX compared to sham (Figure S1).

CCR2-dependent recruitment of monocytes into the lung post-PNX

Because a subset of lung macrophages post-PNX was characterized by the expression of 

CCR2, we hypothesized that a CCL2-CCR2 recruitment axis drives the accumulation of 

macrophages during regeneration. Increased levels of CCL2 protein have been reported in 

lungs following PNX (Chamoto et al., 2012, 2013a; Chen et al., 2012; Ding et al., 2011; 

Rafii et al., 2015), with increased Ccl2 transcription in AEC2 7d post-PNX (Chamoto et al., 

2013a) and PDGFRA+ lung fibroblasts 4d post-PNX (data not shown). We detected a 4.2-

fold increase in CCL2 protein in whole lung lysate 7d post-PNX compared to sham operated 

control (Figures 2A and S2). To assess the recruitment of CCL2-responsive cells, we used 

Ccr2-RFPTm2.1Ifc mice in which red fluorescent protein (RFP) is knocked into the Ccr2 
locus to mark inflammatory monocytes, further functioning as a null allele of CCR2. 

Immunofluorescence on lungs from Ccr2RFP/+ mice showed increased numbers of CCR2+ 

cells throughout the lung tissue, with concentrations around large vessels, a likely site of 

entry from circulation, and at the periphery of the regenerating lung lobes (Figures 2B and 

S2). We crossed the Ccr2-RFPtm2.1Ifc allele to mice carrying Sftpc-CreER; Rosa-fGFP 
alleles and administered tamoxifen to adult animals, resulting in the expression of GFP in 

AEC2 and RFP in CCR2+ monocytes. Analysis confirmed increased numbers of CCR2+ 

cells 7d post-PNX compared to sham operated animals and demonstrated that these cells 

were frequently in close proximity to lineage labeled AEC2s (Figure S2). Flow cytometry 

showed a significant increase in recruited monocytes (CCR2-RFP+, CD11b+) 7d post-PNX 
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(18.5% +/− 5.6% of live, CD45+ cells) compared to unoperated littermate controls (10.9% 

+/− 2.7%) (Figures 2B, 2C, and 2D). This suggested that circulating monocytes are recruited 

into regenerating lung tissue by CCL2. However, we also noticed a significant increase in 

CCR2+ monocytes 7d post-sham (17.1% +/− 3.6%), suggesting that monocyte mobilization 

into lung tissue is a response to thoracic surgery. Of note, sham operations similar to those 

performed here stimulate proliferation in the lung pleura, possibly a conserved function of 

recruited monocytes (Brody et al., 1978). Another population of non-inflammatory 

monocytes expresses CX3CR1 (Geissmann et al., 2003) and has also been implicated in 

tissue regeneration (Arnold et al., 2007). However, using Cx3Cr1tm1Litt reporter mice, we 

did not detect an increase in Cx3cr1+ monocytes post-PNX (Figure S2). Thus, the major 

monocyte population post-PNX is defined by expression of CCR2.

To determine whether CCR2 is required for the increase in macrophages and monocytes 

post-PNX, we performed PNX in two CCR2-deficient mouse strains: Ccr2RFP/RFP mice 

(described above) and Ccr2tm1Mae null mice (hereafter Ccr2−/−). Lung tissue from 

Ccr2RFP/RFP mice contained fewer CCR2-RFP+, CD11b+ cells 7d post-PNX compared to 

Ccr2RFP/+ controls (Figure 2 B,E). Flow cytometry on lungs of Ccr2−/− mice showed a 

significant decrease in interstitial macrophages/recruited monocytes (F4/80+, CD11b+) 7d 

post-PNX (18.1% +/− 1.9% of CD45+) compared to wild type littermate controls (25.3% +/

− 1.0%) (Figure 2G). In contrast, the number of alveolar macrophages (F4/80+, CD11c+) 7d 

post-PNX was unaffected by CCR2-deficiency (15.5% +/− 5.3% of CD45+) compared to 

wild type littermate controls (15.2% +/− 2.4%) (Figure 2H). This is consistent with data 

demonstrating that circulating monocytes rarely contribute to lung resident alveolar 

macrophages, as these cells are capable of self-renewal (Jakubzick et al., 2013; Suzuki et al., 

2014).

Previous work has shown that local proliferation is an additional mechanism by which 

macrophage numbers increase post-PNX (Chamoto et al. 2012). We performed short-term 

EdU pulse labeling and confirmed an increase in the proliferation of CSF1R-GFP+ 

macrophages immediately after PNX that peaked at 4d post-PNX, and subsided by 7d post-

PNX (Figure S2). Closer examination of these proliferating macrophages revealed 

localization in alveolar airspaces and a rounded morphology — characteristics of alveolar 

macrophages. Together, our data suggest that both local proliferation of lung macrophages 

and CCR2-dependent recruitment of monocytes contribute to the increased number CSF1R-

GFP+ lung macrophages in the lung post-PNX. Because previous studies have focused on 

airspace macrophages (Chamoto et al., 2012, 2013a), but recruited CCR2+ monocytes have 

not been studied in the context of PNX-induced lung regeneration, we sought to determine 

their potential role in compensatory lung growth through disruption of the CCL2-CCR2 

axis.

CCR2+ monocytes promote lung regeneration post-PNX

After PNX, all of the remaining right lobes grow, but the response is most profound in the 

accessory lobe (Konerding et al., 2012). Whole mount images show that the right accessory 

lobes of Ccr2−/− mice are smaller than littermate controls 21d after PNX, when lung 

regeneration is complete (Figure 3A). The generation of new alveoli post-PNX in wild type 
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mice is associated with a 48% increase in the dry weight of the remaining right lobes 

compared to those of unoperated mice (Figure 3B). In contrast, PNX only induced a 23% 

increase in dry weight in Ccr2−/− mice, suggesting a significant impairment of lung 

regeneration (Figure 3B). To determine if this was permanent or reflected a delay in 

regeneration, we measured lung dry weights at 35d post-PNX. CCR2−/− lungs were 

significantly smaller than wild type littermate control lungs (Figure S3). Because AEC2s are 

the most proliferative epithelial progenitor cells post-PNX (Nolen-Walston et al., 2008), we 

hypothesized that reduced AEC2 proliferation contributes to the regenerative defect in 

CCR2−/− mice. Flow cytometry showed a significant reduction in EdU incorporation in 

AEC2 in CCR2−/− mice 7d post-PNX (5.4% +/− 1.3%) compared to wild type littermate 

controls (7.4% +/− 1.6%) (Figures 3C and 3D). As new alveoli are formed post-PNX, AEC2 

are the major source of new AEC1 (Jain et al., 2015). To determine whether CCR2-

deficiency affects the differentiation of AEC2 into AEC1, we generated Ccr2+l+ and Ccr2−/− 

mice that also carry Sftpc-CreER and Rosa-tomato alleles for lineage tracing experiments. 

We administered tamoxifen to adult animals, resulting in the heritable expression of RFP in 

AEC2 (Barkauskas et al., 2013; Rock et al., 2011a). Two weeks later we performed PNX 

and analyzed tissue sections for lineage traced AEC1s (RFP+, RAGE+) 21d post-PNX, 

looking specifically at the periphery of accessory lobes (Figure 3E). Ccr2−/− mice had 

significantly fewer lineage traced AEC1s (9.1% +/− 2.9%) compared to wild type littermate 

controls (43.7 % +/− 11.4%) (Figure 3F). Together, these data suggest that the CCR2-

dependent recruitment of myeloid cells is critical for lung regeneration post-PNX, at least 

partly through the direct or indirect modulation of AEC2 behaviors.

Transfer of CCR2+ bone marrow promotes lung regeneration in CCR2-deficient mice

Bone marrow-derived monocytes express high levels of CCR2 protein, and when stimulated, 

this receptor promotes monocytes to enter the circulation and regenerating tissues (Gordon 

and Taylor, 2005). Flow cytometry revealed that approximately 10% of all bone marrow 

cells are CCR2+, CD11b+ monocytes (Figure S4). We isolated whole bone marrow from 

Csf1r-GFP mice and injected 1×107 cells via tail vein into Ccr2−/− mice that were either 

unoperated or 6d post-PNX. We timed this transfer to coincide with the increased CCL2 and 

peak influx of recruited monocytes we observed in wild type animals post-PNX (Figure 1). 

Flow cytometry 24 h later revealed CSF1R-GFP+ cells in the lungs of recipients, with more 

accumulating in PNX lungs (1.7% +/− 0.3%) compared to unoperated controls (0.5% +/

− 0.1%) (Figure S4). To determine how CCR2 signaling affects monocyte accumulation in 

regenerating lungs, we injected 1×107 whole bone marrow cells from wild type Csf1r-GFP 
or Ccr2−/−; Csf1r-GFP mice into Ccr2−/− mice 6d post-PNX. The next day, we dosed mice 

with APC-CD45 by retro-orbital injection to specifically label cells in the pulmonary 

vasculature that had not extravasated into the interstitial tissue or airspace. Five minutes 

later, the mice were sacrificed and lungs were dissociated and incubated with FITC-CD45 to 

label all leukocytes, regardless of localization. Flow cytometry showed the proportion of 

CSF1R-GFP+, FITC-CD45+ cells that was APC-CD45 negative (interstitial and airspace 

cells) in recipients of Ccr2+/+ donor bone marrow was nearly 2-fold higher than this 

population in the lungs of recipients of Ccr2−/− donor bone marrow cells (Figure S4). This 

suggests that CCR2 plays an active role in the extravasation and retention of adoptively 

transferred bone marrow in regenerating lungs. Furthermore, analysis of Ccr2−/− recipients 
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of Ccr2+/+; Csf1r-GFP+ donor bone marrow demonstrated that adoptively transferred cells 

persist until at least 14d post-PNX (Figure S4).

Next we sought to determine whether Ccr2+/+ bone marrow-derived cells were sufficient to 

rescue the defect in lung regeneration in Ccr2−/− mice. We delivered 1×107 whole bone 

marrow cells from Ccr2+/+ littermate controls to Ccr2−/− mice by tail vein injection 4d and 

7d post-PNX (Figure 4A). Ccr2−/− recipients of wild type bone marrow had significantly 

increased lung dry weights (46% increase from unoperated) compared to Ccr2−/− mice that 

had not been injected (23% increased from unoperated) or recipients of Ccr2−/− bone 

marrow (28% increase from unoperated) (Figure 4B). Importantly, the regenerated lung 

mass of Ccr2−/− mice receiving Ccr2−/− bone marrow was not different from uninjected 

Ccr2−/− mice. Furthermore, adoptive transfer of Ccr2+/+ bone marrow cells into Ccr2−/− 

mice increased the number of lineage traced AEC1s at 21d post-PNX (27.2% +/− 0.08%) 

compared to uninjected Ccr2−/− mice (9.1% +/− 2.9%) (Figure S4). Together, these data 

suggest that CCR2 plays an active role in the recruitment of monocytes and macrophages 

into lungs post-PNX where they promote regeneration.

Macrophages support AEC2 in culture

To better understand how macrophages might regulate AEC2 behavior, we modified an 

organoid assay in which AEC2s are sorted and cultured in Matrigel and supplemented 

growth medium (Barkauskas et al., 2013). Cultured alone under these conditions, AEC2s 

rarely form colonies. However, the addition of PDGFRA+ fibroblasts, a putative component 

of the alveolar stem cell niche, greatly enhances the ability of AEC2 to form three-

dimensional “alveolospheres” (Barkauskas et al., 2013). We isolated RFP+ lineage labeled 

AEC2s and CD45+;F4/80+ macrophages by FACS and co-cultured them in varying ratios 

without the addition of fibroblasts or endothelial cells (Figures 4D and S5). As expected, 

AEC2 alone rarely formed colonies (colony forming efficiency, CFE < 0.1%), but the 

addition of macrophages had a dose-dependent effect on the formation of organoids that we 

call pneumospheres (CFE = 1.61% +/− 0.51%) (Figures 4E and 4F). Pneumospheres had 

clear lumens and contained both lineage labeled epithelial cells and F4/80+ macrophages 

(Figure 4G). Macrophages persisted in co-cultures with pneumospheres at least 14d, but also 

survived when cultured alone (Figure S4). Partial overlap of the AEC2 marker SPC and 

AEC1 marker RAGE suggests that these cultured AEC2s may be reverted to a bipotential 

state in vitro (Treutlein et al., 2014)(Figure S4). AEC2 co-cultured in a 1:1 ratio with splenic 

macrophages formed far fewer spheres (CFE = 0.20% +/− 0.6%) compared to lung 

macrophages at the same ratio (CFE = 1.38% +/− 0.22%) (Figures 4F and S4). To determine 

whether bone marrow-derived macrophages (BMDMs) can also support AEC2-

pneumospheres, we derived macrophages using an established protocol whereby whole bone 

marrow is cultured with MCSF-enriched media for at least 7d. BMDM cultured in a 1:1 ratio 

with AEC2s also promoted sphere formation (CFE = 1.01% +/− 0.10) (Figure S4). We 

conclude that lung macrophages can support formation of organoids from AEC2s and might 

directly promote AEC2 survival and proliferation.
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Matrix-remodeling and M2-like macrophage gene signature in regenerating lungs

Our single cell RNA sequencing data suggested that a subset of the accumulating 

macrophages in post-PNX lungs express markers of M2-polarization (Figures 1G and 1H). 

To further understand how these cells might contribute to the regenerative process, we 

performed population level RNA sequencing on macrophages sorted from lungs 7d after 

PNX and sham operation (Figure 4C). These data confirmed robust expression of markers 

associated with M2-like macrophages, including Arginase1 (up 2.3 fold), Retnla/Fizz1 (up 

2.9 fold), and Chil3/Ym1 (up 1.5 fold) in macrophages 7d post-PNX compared to sham 

controls. We also observed increased expression of genes associated with extracellular 

matrix and matrix remodeling including matrix metalloproteinases-2, 3, 12, 14, and 19 and 

collagens-1a1, 1a2, 3a1, 5a1, and 14a1. Macrophages from the lungs of PNX mice expressed 

lower levels of inflammatory cytokines TNFα, IL-1β, and IL-6, further suggesting an anti-

inflammatory M2-like phenotype. Using qPCR, we confirmed that the expression of 

Arginase1 is increased in CD45+;F4/80+ macrophages isolated from the lungs of mice 7d 

after PNX compared to sham operation (Figure 5S).

Decreased M2-like macrophages and impaired lung regeneration in Il4ra-deficient mice

Because M2-like macrophages are present during alveolar formation during postnatal lung 

development (Jones and Williams, 2013; Saluzzo et al., 2017), modulate tissue inflammation 

(Gibbons et al., 2011, Herbert et al., 2004), and promote progenitor cell activity in muscle 

and heart (Ruffel et al., 2009, Shiraishi et al., 2016), we hypothesized that this subset of 

macrophages promotes alveologenesis post-PNX. We performed PNX in Arg1Tm1Lky/J mice 

(hereafter YARG), in which yellow fluorescent protein is knocked into the Arginase-1 locus 

(Van Dyken and Locksley, 2013; Reese et al., 2007). Flow cytometry and 

immunofluorescence showed few YARG+;F4/80+ M2-like macrophages in sham operated 

controls (0.4% +/− 0.1%). However, the number of these cells increases more than 2-fold 

post-PNX, with a peak at 4d post-PNX (1.4% +/− 0.4%) (Figures 5A, 5B, and 5C). 

Consistent with previous reports showing that M2-like macrophages proliferate in “Th2-

type” microenvironments (Jenkins et al., 2011), EdU pulse experiments revealed that some 

YARG+ M2-like macrophages proliferate 4d and 7d post-PNX (Figure S5).

IL4RA is a shared receptor subunit for both IL4 and IL13, cytokines that promote the 

polarization of M2-like macrophages. Consistent with a role for M2-like macrophages in 

lung regeneration, both Il4ra and a co-receptor Il13ra1 were expressed at higher levels in 

macrophages 7d post-PNX compared to sham controls (Figure S1). To determine whether 

loss of IL4/13 signaling would negatively impact lung regeneration in vivo, we crossed the 

YARG reporter allele onto an Il4ra−/− background. Il4ra−/− mice had fewer M2-like 

macrophages 4d post-PNX (1.1% +/− 0.4%) compared to wild type littermate controls 

(2.2% +/− 0.4%) (Figures 5D–F). Moreover, Il4ra−/− mice showed impaired compensatory 

growth by lung mass 14d post-PNX compared to wild type littermate controls (Figure 5G). 

Finally, when AEC2 were lineage traced as described above in Il4ra−/− mice, there were 

fewer lineage traced AEC1 21d post-PNX (13.4% +/− 4.5%) compared to wild type controls 

(39.7% +/− 6.3%) (Figure 5S).
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We performed bone marrow chimera experiments to confirm that the lung regeneration 

defect in Il4ra−/− mice is attributable to loss of IL4/13 signaling in leukocytes and not 

another cell type (Figure 5J). Wild type CD45.1 mice were lethally irradiated at 6 weeks of 

age and transplanted with bone marrow from CD45.2 wild type or Il4ra−/− mice. After 10 

weeks to allow for hematopoietic reconstitution, we performed PNX. At the time of surgery, 

resected left lobes were dissociated for flow cytometric assessment of hematopoietic 

reconstitution from donor-derived cells. Lung monocytes and alveolar macrophages were 

~99% and ~97% donor-derived, respectively (Figure S5). Mice reconstituted with Il4ra−/− 

bone marrow had impaired lung regeneration assessed by dry weight 14d post-PNX 

compared to littermate controls reconstituted with wild type bone marrow (Figure 5K). 

These data demonstrate that IL4RA signaling is required within the hematopoietic 

compartment for optimal lung regeneration.

Our single cell RNA sequencing revealed a subset of myeloid cells that expresses markers of 

both monocytes and M2-like macrophages, raising the possibility that CCR2+ monocytes 

could be a source of M2-like macrophages. We observed CCR2-RFP+ and CCR2-RFP-

YARG+ M2-like macrophages in tissue sections of lungs from YARG;Ccr2RFP/+ mice 7d 

post-PNX (Figure 5H). However, these alleles are transcriptional reporters rather than 

heritable marks for lineage tracing, so we cannot draw conclusions about lineage 

relationships between monocytes and M2-like macrophages.

We sought to determine whether CCR2+ monocytes influence the generation of M2-like 

macrophages post-PNX, regardless of their origin. We detected some YARG+, F4/80+ M2-

like macrophages by immunofluorescence in YARG;CCR2RFP/RFP mice 7d post-PNX 

(Figure S5), but flow cytometry showed that Ccr2RFP/RFP mice had significantly fewer 

YARG+, F4/80+ M2-like macrophages (91,000 +/− 22,000 cells, 1.1% +/− 0.2% of CD45+ 

cells) compared to wild type mice (158,000 +/− 26,000 cells, 1.9% +/− 0.5%) 4d post-PNX 

(Figures 5I and 5S). Based on these data and the fact that loss of CCR2 did not affect Arg1 
expression in macrophages (Figure 5S), we conclude that CCR2+ recruited monocytes are 

not an essential source of M2-like macrophages post-PNX. However, we note that the 

absence of CCR2+ monocytes leads less efficient generation of M2-like macrophages.

Innate lymphoid cells are a source of IL13 in regenerating lungs

Macrophage polarization towards an M2-like phenotype can be induced by IL4 and IL13 in 

the microenvironment. Sources of these cytokines include CD4 helper T cells, basophils, and 

eosinophils (DeNardo et al., 2009; Egawa et al., 2013; Herbert et al., 2004; Loke et al., 

2007; Wu et al., 2011). To determine whether helper T cells may play a role in PNX-induced 

lung regeneration, either directly or indirectly by regulating macrophage activity, we 

performed PNX in Rag1Tm1Mom null mice that lack all functional T and B cells. There was 

no difference in lung mass 14d post-PNX between Rag1−/− mice and wild type littermate 

controls (Figure S6). Furthermore, we did not detect an increase in IL4-expressing 

basophils, ILC2s, CD4+ T cells, nor NKT cells in the lungs of KN2 mice, a high-fidelity 

reporter for IL4 (Mohrs et al., 2005; Sullivan et al., 2011) (data not shown).

Type 2 innate lymphoid cells (ILC2s) are a major source of IL13 that polarizes lung 

macrophages toward an M2-like phenotype in certain inflammatory models (Van Dyken et 
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al., 2014; Molofsky et al., 2013). Immunofluorescent stains of lungs from mice in which 

RFP is knocked into the Il5 locus as a highly specific marker for ILC2s (Nussbaum et al., 

2013) demonstrated that ILC2s were present post-PNX near small conducting airways 

(central) and at the periphery of the lung (Figure 6A). We performed flow cytometry to 

quantify ILC2s based on cell surface markers (Lin−Thy1+ST2+) and by reporter activity 

(Lin−Red5+) and found that the proportion and absolute numbers of ILC2s was significantly 

increased 7d post-PNX (1.46% +/− 0.21%; 39,300 +/− 17,200) compared to sham-operated 

mice (0.64% +/− 0.33%; 23,700 +/− 9,200) (Figure 6B,C). Similar to steady state lungs, 

almost all Red5+ cells in the lung post-PNX were ILC2s (Figure S6C) (Nussbaum et al., 

2013). Lastly, to determine if ILC2s are a source of IL13 post-PNX, we FACS purified 

ILC2s 4d post-PNX or sham for qRT-PCR analysis. ILC2s 4d post-PNX had a significant 

increase in IL5 and IL13 transcripts, but not in IL4 transcripts, compared to sham operated 

controls (Figure 6S). We analyzed lungs of Smart13 reporter mice, in which a modified 

human CD4 is knocked into the Il13 locus (Liang et al., 2012), to evaluate IL13 expression 

in vivo. There was a significant increase in the proportion of ILC2s (Lin−Thy1+ST2+) that 

were Smart13+ by flow cytometry 4d post-PNX when compared to sham-operated littermate 

controls (Figure 6D,E). Finally, using Ki67-based flow, we found a significant increase in 

proliferating ILC2s 7d post-PNX compared to sham-operated littermate controls (Figure 

6S). Together, these data demonstrate an expansion of ILC2s post-PNX and implicate ILC2s 

as a source of IL13 during lung regeneration post-PNX.

Discussion

Single cell RNA sequencing reveals macrophage heterogeneity in the lung post-PNX

Macrophages are usually categorized as classically or alternatively activated based on the 

expression of a panel of markers. Here, we took the unbiased approach of single cell 

sequencing to determine the extent of heterogeneity amongst myeloid cells in the 

regenerating lung. As expected, and consistent with data from other regeneration models, 

our single cell transcriptional profiling revealed a population of cells that expressed markers 

of M2-like macrophages post-PNX. In addition, this unbiased approach led us to the 

unexpected discovery that CCR2+ Ly6c+ inflammatory monocytes constitute a component 

of the myeloid compartment in the regenerating lung following PNX. These data do not 

exclude the possibility of additional myeloid subsets at other stages during regeneration or 

subsets that were below the detection threshold of our analysis.

CCR2+ monocytes and interstitial macrophages are required for regeneration post-PNX

Recent evidence suggests that bone marrow derived and circulating monocytes rarely 

contribute to resident macrophage populations during adult homeostasis, but replace 

macrophages following their depletion or during inflammation (Gordon and Taylor, 2005; 

Hashimoto et al., 2013; Yona et al., 2013). In many contexts, such as adult myocardial 

infarction, pulmonary fibrosis, and influenza infection, CCR2+ monocytes prolong and 

exacerbate injury (Gibbons et al., 2011; Herold et al., 2008; Nahrendorf et al., 2007). 

However, recruitment of CCR2+ monocytes is essential for tissue regeneration in other 

contexts, including the resolution liver fibrosis and regeneration of the heart and skin 
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(Aurora et al., 2014; Gibbons et al., 2011; Ramachandran et al., 2012; Willenborg et al., 

2012).

CD18, expressed on monocytes and several other leukocyte populations, is required for lung 

regeneration post-PNX (Chamoto et al., 2013a). We show that bone marrow-derived 

monocytes enter the lung through a CCL2-CCR2 axis. CCR2 deficiency impairs 

accumulation of interstitial monocytes and macrophages, but not alveolar macrophages, in 

the lung post-PNX. CCR2-deficient mice have impaired capacity for compensatory lung 

growth following PNX and adoptive transfer of wild type, but not CCR2-deficient, bone 

marrow was able to rescue the regeneration defect in CCR2-deficient mice. Together, these 

data unequivocally demonstrate for a requirement for recruited monocytes in lung 

regeneration.

Our bone marrow chimera experiments demonstrate that IL4RA is required specifically on 

leukocytes for the optimal regeneration. Although not conclusive, these data are consistent 

with a role for M2-like macrophages in lung regeneration post-PNX. Interestingly, human 

peripheral blood monocytes show M2-like polarization in response to CCL2 (Roca et al, 

2009). Consistent with this, we observed fewer M2-like macrophages in the lungs of 

pneumonectomized CCR2-deficient mice compared to controls. However, M2-like 

macrophages were not completely absent in the lungs of CCR2-deficient mice. Together, our 

data suggest that recruited monocytes promote the generation of M2-like macrophages in the 

regenerating lung, either as a direct source or through modulation of the microenvironment. 

Future lineage tracing experiments are required to determine the relative contributions of 

recruited and resident cells to the M2-like macrophage population.

Macrophages are a component of the regenerative AEC2 niche

We show that the number of myeloid cells in the regenerating lung peaks at the time of 

maximal AEC2 proliferation. Consistent with these cells constituting a component of the 

regenerative niche, we frequently observed CSF1R-GFP+ and CCR2+ cells adjacent to 

AEC2 stem cells during regeneration. Moreover, resident lung macrophages and bone 

marrow-derived macrophages were able to support the growth of AEC2-derived 

pneumospheres in vitro, suggesting a direct interaction between these populations. These in 

vitro data and our analysis of AEC2 stem cell behaviors in vivo are consistent with a model 

in which macrophages and monocytes promote the proliferation and differentiation of AEC2 

(Figure 6F). Our transcriptional profiling of macrophages also revealed a number of 

mechanisms by which myeloid cells might indirectly promote lung regeneration post-PNX. 

These include the secretion of pro-angiogenic factors and matrix remodeling enzymes 

(including MMP14), both of which have been shown to promote lung regeneration post-

PNX (Chamoto et al., 2013a; Ding et al., 2011).

Our data implicate ILC2s as a source of IL-13 in a sterile model of lung regeneration. This 

cytokine could promote the polarization of M2-like macrophages and modulate their 

biochemical functions, including anti-inflammation, collagen synthesis and remodeling of 

the extracellular matrix (Chiaramonte et al., 1999; Knipper et al., 2015; Madala et al., 2010; 

Martinez et al., 2009 Pellicoro et al., 2012; Pouladi et al., 2004; Zheng et al., 2000). 

Alternatively or in addition, IL-13 could affect other cell types including lung epithelium 
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(Kuperman et al., 2002). Further studies will characterize the ontogeny, activation and 

functions of M2-like macrophages and ILC2s in lung homeostasis and repair.

There is at least one report of adult alveologenesis in humans over 15 years following 

pneumonectomy (Butler et al., 2012). Our data further support the development of 

macrophage-based therapies to enhance the efficiency and kinetics of this regenerative 

capacity as a therapeutic approach for lung disease. This will require a deeper understanding 

of the manner in which monocytes, macrophages and other populations — including 

epithelial stem cells - interact in the context of the healthy, diseased and regenerating lung.

STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal (clone M1/70) anti-mouse 
CD11b (purified, used at 1:150)

Biolegend Cat#101201; RRID: AB_312784

Hamster monoclonal (clone N418) anti-
mouse CD11c (purified, used at 1:150)

Biolegend Cat#117301; RRID:AB_313770

Rat monoclonal (clone C1:A3-1) anti-mouse 
F4/80 (purified, used at 1:150)

Biorad/AbD Serotec Cat#MCA497G; RRID:AB_872005

Hamster monoclonal (1A8) anti-mouse 
Ly6G (purified, used at 1:150)

Biolegend Cat#127607; RRID:AB_1186104

Hamster monoclonal (30-F11) anti-mouse 
CD45 (purified, used at 1:200)

BD Bioscience Cat#550539; RRID:AB_2174426

Rat monoclonal (clone MEC 13.3) anti-
mouse PECAM (purified, used at 1:200)

BD Bioscience Cat#550274; RRID:AB_393571

Rat monoclonal (clone 175410) anti-mouse 
RAGE (purified, used at 1:200)

R&D Systems Cat#MAB1179; RRID:AB_2289349

Rabbit polyclonal anti-mouse PECAM (used 
at 1:250)

MIllipore Cat#AB3786; RRID:AB_91588

Hamster monocloncal (8.1.1) anti-mouse 
T1α (used at 1:900)

Developmental Studies Hybridoma 
Bank, Univ. of Iowa

RRID: AB_531893

Chicken polyclonal anti-GFP (used at 1:500) Aves Cat#GFP-1020; RRID:AB_10000240

Rabbit polyclonal anti-RFP (used at 1:250) Rockland Cat#600-401-379; RRID:AB_2209751

Chicken polyclonal anti-RFP (used at 1:250) Rockland Cat#600-901-379; RRID:AB_10704808

Rat monoclonal (clone 30-F11) anti-CD45-
Apc-Cy7 (used at 1:200)

Biolegend Cat#103116; RRID:AB_312981

Rat monoclonal (M1/70) anti-CD11b-PerCP-
Cy5 (used at 1:200)

Tonbo Cat#65-0112 also OWL-A11257; 
RRID:AB_2621885

Rat monoclonal (N418) anti-CD11c-APC 
(used at 1:200)

Biolegend Cat#117309; RRID:AB_313778

Rat monoclonal (BM8) anti-F4/80-PE (used 
at 1:200)

eBioscience Cat#12-4801-82; RRID:AB_465923

Rat monoclonal (1A8) anti-Ly6G-PE-Cy7 
(used at 1:400)

Biolegend Cat#127617; RRID:AB_1877262

Goat anti-Chicken IgG (H+L) Secondary 
Antibody, Alexa Fluor 488 (used at 1:500)

Thermo Fisher Scientific Cat#A-11039 also A11039; 
RRID:AB_142924
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REAGENT or RESOURCE SOURCE IDENTIFIER

Donkey anti-Rabbit IgG (H+L) Secondary 
Antibody, Alexa Fluor 488 (used at 1:500)

Thermo Fisher Scientific Cat#A-21206 also A21206; 
RRID:AB_2535792

Donkey anti-Rat IgG (H+L) Secondary 
Antibody, Alexa Fluor 488 (used at 1:500)

Thermo Fisher Scientific Cat#A-21208 also A21208; 
RRID:AB_141709

Cy3-AffiniPure F(ab′)2 Donkey anti-
Chicken IgG (H+L) Secondary Antibody 
(used at 1:500)

Jackson ImmunoResearch Labs Cat#703-166-155; RRID:AB_2340364

Donkey anti-Rabbit IgG (H+L) Secondary 
Antibody, Alexa Fluor 555 (used at 1:500)

Thermo Fisher Scientific Cat#A-31572 also A31572; 
RRID:AB_162543

Goat anti-Rat IgG (H+L) Secondary 
Antibody, Alexa Fluor 555 (used at 1:500)

Thermo Fisher Scientific Cat#A-21434 also A21434; 
RRID:AB_141733

Goat anti-Hamster IgG (H+L) Secondary 
Antibody, Alexa Fluor 647 (used at 1:500)

Thermo Fisher Scientific Cat#A-21451; RRID:AB_2535868

Goat anti-Rat IgG (H+L) Secondary 
Antibody, Alexa Fluor 647 (used at 1:500)

Thermo Fisher Scientific Cat#A-21247 also A21247; 
RRID:AB_141778

Rat monoclonal (clone 30-F11) anti-CD45-
BUV395 (used at 1:100)

BD Biosciences Cat# 564279

Rat monoclonal (clone 17A1) anti-CD3-PE-
Cy7 (used at 1:100)

Biolegend Cat# 100205; RRID:AB_312662

Rat monoclonal (clone RM4-5) anti-CD4-
BV711 (used at 1:100)

Biolegend Cat# 317439; RRID:AB_11219404

Rat monoclonal (clone 6D5) anti-CD19-
BV650 (used at 1:100)

Biolegend Cat#115541; RRID:AB_11204087

Rat monoclonal (clone PK136) anti-NK-1.1-
BV650 (used at 1:100)

Biolegend Cat#108735; RRID:AB_11147949

Rat monoclonal (clone RB6-8C5) anti-Ly6-
G/Ly6-C-BV650 (used at 1:100)

Biolegend Cat#108441; RRID:AB_2562401

Rat monoclonal (clone M1/70) anti-CD11b-
BV650 (used at 1:100)

Biolegend Cat#101239; RRID:AB_11125575

Rat monoclonal (clone N418) anti-CD11c-
BV785 (used at 1:100)

Biolegend Cat# 117335 RRID:AB_11219204

Rat monoclonal (clone E50-2440) anti-
SiglecF-APC (used at 1:100)

BD Biosciences Cat#562680

Rat monoclonal (PC61) anti-CD25-APC-
Cy7 (used at 1:100)

Biolegend Cat#102025; RRID:AB_830744

Rat monoclonal (53-2.1) anti-CD90.2-
BV605 (used at 1:100)

Biolegend Cat#140317; RRID:AB_11203724

Rat monoclonal (DJ8) anti-T1/ST2-PE (used 
at 1:100)

MD Biosciences Cat#101001PE

Rat monoclonal (2F1) anti-KLRG1/MAFA-
PerCP-eFluor710 (used at 1:100)

eBioscience Cat#46-5893-80 also 46-5893; 
RRID:AB_10671072

Rat monoclonal (MAR-1) anti-FcεRIα 
Pacific Blue (used at 1:100)

Biolegend Cat#134313; RRID:AB_10612933

Rat monoclonal (TAWJ) anti-Gata-3-
eFluor660 (used at 1:20)

eBioscience Cat#50-9966-41 also 50-9966; 
RRID:AB_10597909

Rat monoclonal (SolA15) anti-Ki67-FITC 
(used at 1:100)

eBioscience Cat#11-5698-80; RRID:AB_11151689

Rat monoclonal (RPA-T4) anti-hCD4-APC 
(used at 1:100)

eBioscience Cat#17-0049-41; RRID:AB_1272118

Rat monoclonal (A20) anti-hCD45.1-PE 
(used at 1:200)

Biolegend Cat#110707; RRID:AB_313496
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rat monoclonal (104) anti-hCD45.2-APC 
(used at 1:200)

Biolegend Cat#109813; RRID:AB_389210

CD16/CD32 Fc Receptor Block BD Biosciences Cat# 553142 RRID:AB_394657

Rat monoclonal (clone 30-F11) anti-CD45-
Apc (used 2 ug/mouse for in vivo labeling)

Biolegend Cat#103112

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Buprenex (0.3 mg/mL) Reckitt Benckiser Cat# NDC 12496-0757-5

Lidocaine (5 mg/mL) Phoenix Cat# NDC 57319-533-05

Bupivacaine (2.5 mg/mL) Hospira Cat# NDC 0409-1159-01

Donkey Serum Sigma-Aldrich Cat#D9663-10ML

Goat Serum Sigma-Aldrich Cat#G9023-10ML

Bovine Serum Albumin Fisher Cat#BP1600-100

Tamoxifen Sigma-Aldrich Cat#T5648

EdU (5-ethynyl-2′-deoxyuridine) Thermo Fisher Scientific Cat#E10415

Collagenase Type I (used at 450 U/mL) Gibco Life Tech Cat##17100–017

Elastase (used at 4 U/mL) Worthington Biochemical Corporation Cat##LS002279

Dispase (used at 5 U/mL) BD Biosciences Cat#354235

DNaseI (used at 0.33 U/mL) Roche Cat#10104159001

Red Blood Cell Lysis Buffer Biolegend Cat#420301-BL

Liberase TM Roche Cat#05401119001

Sytox Blue Life Tech Cat#S34857

AbC Anti-Mouse Bead kit Molecular Probes Cat#A10344

Fix and Perm Cell Permeabilization Kit Thermo Fisher Scientific Cat#GAS003

DMEM/F12 + GlutaMAX Gibco Life Tech Cat#10565-018

Matrigel (Growth Factor Reduced) BD Biosciences Cat#356230

Characterized Fetal Bovine Serum (used at 
10%)

HyClone Cat#SH30071

Insulin-Transferrin-Selenium (used at 1x) Gibco Life Tech Cat#41400-045

Epidermal Growth Factor (used at 20 ng/mL) R&D Systems Cat#2028-EG-200

Fibroblast Growth Factor 2 or Basic (used at 
25 ng/mL)

Gibco Life Tech Cat#PMG0033

Keratinocyte Growth Factor or Fibroblast 
Growth Factor 7 (used at 10 ng/mL)

Gibco Life Tech Cat#PHG0094

Hepatocyte Growth Factor (used at 10 
ng/mL)

Gibco Life Tech Cat#PHG0254

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific Cat#89900

Complete, Mini Protease Inhibitor Cocktail Roche Cat#11-836-153-001

Protein Assay Dye Reagent Concentrate Bio-Rad Cat#500-0006

Protector RNase Inhibitor Roche Cat#03-335-402-001

Critical Commercial Assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

Click-iT EdU Alexa Fluor 647 Imaging Kit 
(for flow cytometry)

Invitrogen Cat#C10340

Click-iT Plus EdU Alexa Fluor 647 Imaging 
Kit (for tissue histology)

Invitrogen Cat#C10640

Proteome Profiler Mouse Cytokine Array 
Kit, Panel A

R&D Systems Cat#ARYOO6

RNAeasy Plus Micro Kit Qiagen Cat#74O34

SuperScript IV VILO Master Mix Invitrogen Life Tech Cat#11756050

SYBR GreenER qPCR Supermix Universal Invitrogen Life Tech Cat#1176202K

Agilent RNA 600 Pico Kit Agilent Technologies Cat#5067-1513

C1 Single-Cell Reagent Kit for mRNA Seq Fluidigm Cat#100-6201

Nextera XT DNA Library Preparation Kit Illumina Cat#FC-131-1096

Quant-iT™ PicoGreen® dsDNA Assay Kit Thermo Fisher Scientific Cat#P7589

Deposited Data

Raw data files for RNA sequencing (PNX) NCBI GEO GEO: GSE96104

Raw data files for RNA sequencing (sham) NCBI GEO GEO: GSE96105

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: Csf1r-GFP : B6N.Cg-Tg(Csf1r-
EGFP)1Hume/J

Jackson Laboratories Stock No. 018549

Mouse: Ccr2−/− : cCR2tm1Mae Kuziel et al., 1997

Mouse: Ccr2RFP/+ : B6.129(Cg)-Ccr2ím2.1,fc/J Jackson Laboratories Stock No. 017586

Mouse: Cx3cr1GFP/+: B6.129P-C×3cr1tm1Ltt/J Jackson Laboratories Stock No. 005582

Mouse: Sftpc-CreER: Sftpctm1(cre/ERT2)Blh Jackson Laboratories Stock No. 028054

Mouse: Rosa-dtomato : 
Gt(ROSA)26Sortm2(CAG-tdTomato)Fawa

Rock et al., 2011

Mouse: Rosa-fGFP : 
Gt(ROSA)26Sortm1(CAG-EGFP)Blh

Rawlins et al., 2009

Mouse: YARG : B6.129S4-Arg1tm1Lky/J Jackson Laboratories Stock No. 015857

Mouse: Il4ra−/− : BALB/c-Il4ratm1Sz/J Jackson Laboratories Stock No. 003514

Mouse: ll5tm11(Cre)Lky Nussbaum et al., 2013

Mouse: lL13tm2.1Lky: C.129S4(Cg)-Il13ím2.1Lky/J Jackson Laboratories Stock No. 018869

Mouse: CD45.1 : B6-Ly5.1/Cr Charles River Stock No. 564

Oligonucleotides

Genotyping primers-See Supplemental Table 
1

This paper

qRT-PCR primers-See Supplemental Table 2 This paper

Recombinant DNA

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

FlowJo (v10.1r5) TreeStar Inc. https://www.flowjo.com/

GraphPad Prism 6.0 GraphPad Software Inc. http://www.graphpad.com/scientificsoftware/prism/

Tophat (v2.1.0) Kim et al., 2013; Trapnell et al., 2012
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bowtie2 (v2.2.8) Kim et al., 2013; Trapnell et al., 2012

Cufflinks (v2.2.1) Kim et al., 2013; Trapnell et al., 2012

Picard tools http://broadinstitute.github.io/picard/

HTSeq-count Anders et al., 2015 http://www-huber.embl.de/users/anders/HTSeq/doc/count.html

Trimmatic Bolger et al., 2014 http://www.usadellab.org/cms/?page=trimmomatic

RSEM Li and Dewey, 2011

Other

CONTACT FOR REAGENTS

Further information and requests for resources and reagents should be directed to, and will 

be fulfilled by, the Lead Contact, Jason Rock (Jason.rock@edu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mice were bred and maintained in a specific-pathogen-free barrier facility with 

free access to food and water. Both male and female mice were used between 8–12 weeks of 

age for all experiments. Tg(Csf1r-EGFP)1Hume/J (also referred to as Csf1r-GFP) mice, 

CCR2tm1Mae (also referred to as Ccr2−/−) mice, Ccr2tm2.1Ifc (also referred to as Ccr2RFP/+) 

mice, and Cx3Cr1tm1Litt (also referred to as Cx3cr1GFP/+) mice were used for macrophage 

and monocyte studies (Kuziel et al., 1997; Jung et al., 2000; Saederup et al., 2010; Sasmono 

et al., 2003) Ccr2−/−(pure-bred BALB/c strain) and Ccr2RFP/RFP (pure-bred C57Bl/6 strain) 

mice were used to assess the contribution of CCR2+ cells in PNX-induced lung 

regeneration. Mice containing Sftpc-CreER and Rosa-dtomato alleles for lineage tracing 

AEC2s were backcrossed to Ccr2tm1Mae BALB/c mice for at least 5 generations. 

Arg1tm1Lky/J (also referred to as YARG) mice were used to assess M2-like polarization of 

macrophages and Il4ratm1Sz mice were used to test a requirement for M2-like macrophages 

in PNX-induced lung regeneration (Noben-Trauth et al., 1997; Reese et al., 2007). 

Rag1tm1Mom were used to assess the requirement for lymphoid cells in PNX-induced lung 

regeneration (Mombaerts et al., 1992). B6-Ly5.1/Cr were obtained from Charles River 

Laboratories International, Inc. and used to distinguish host vs. donor-derived hematopoietic 

cells in bone marrow chimera experiments. Il5m1.1(Cre)Lky (also referred to as Red5) mice 

were used to assess the contribution of ILC2s in PNX-induced lung regeneration (Nussbaum 

et al., 2013). IL13tm2.1Lky (also referred to as Smart13) mice were used to measure IL-13 

protein production from ILC2s (Liang et al., 2012). All studies were approved and 

performed according to the guidelines issued by the University of California, San Francisco 

(UCSF) Institutional Animal Care and Use Committees (IACUC).

METHOD DETAILS

Pneumonectomy procedure—Prior to surgery, adult mice (8–12 weeks old) were 

weighed, given Buprenex (0.3 mg/mL, Reckitt Benckiser, catalog #NDC 12496-0757-5) at 

20g/kg, and shaved at the surgical site on the left lateral side. Mice were anesthetized with 

2% isofluorane and intubated for ventilation using a Harvard mini-vent ventilator. Mice were 
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anesthetized and ventilated throughout the pneumonectomy procedure with 200 μL of stroke 

volume at 200 strokes per minute. The surgical site was sterilized with ethanol and beta-

iodine and then a 2 cm long incision was made on the left lateral side of the skin. Left-sided 

thoracotomy was performed with a 1 cm long incision at the 5th intercostal space to expose 

the left lung lobe underneath. The ribs were spread by retraction and the left pulmonary 

vasculature and mainstem bronchus were ligated with a titanium clip. The left lobe was 

resected, and the ribs and skin closed. An angiocath port was inserted to evacuate the void 

space and reestablish negative intrathoracic pressure. Sham control surgeries were 

performed as thoracotomy procedure without lung removal. After closure, topical analgesics 

were applied at the surgical sites (Lidocaine, 5 mg/mL, Phoenix, catalog #NDC 

57319-533-05; Bupivacaine, 2.5 mg/mL, Hospira, catalog #NDC 0409-1159-01). Anesthesia 

was discontinued and mice remained intubated until autonomous breathing recovered. Mice 

were placed on a warming pad and monitored until awake. A second Buprenex dose was 

given 4–6 hours later and monitored to ensure that a full recovery was made.

Tissue harvest and fixation—Mice were euthanized by CO2 exposure until respiration 

ceased. Mice were dissected to expose the diaphragm, which was cut to cause 

pneumothorax. To perfuse the pulmonary vasculature, the descending aorta was cut and a 21 

gauge needle was inserted into the right ventricle to flush at least 20 mL of cold PBS until 

lungs had blanched. The trachea was exposed and a small incision was made at the 

pharyngeal cartilage to allow inflation with cold 4% paraformaldehyde. Lungs were inflated 

to 20 cm H2O pressure and fixed in situ for 10 minutes. Lungs were then removed en bloc 
and then submerged 4% paraformaldehyde for 1 hour at 4°C. Individual lung lobes were 

separated and then washed three times for 15 minutes in cold PBS. In preparation for 

embedding, lungs were submerged in 30% sucrose for 24 hours, then moved to a 50:50 

mixture of 30% sucrose/O.C.T medium (Optimal Cutting Temperature Medium, Tempura) 

for 24 hours, and then finally embedded in 100% O.C.T. medium and immediately frozen on 

dry ice and stored at −20°C.

Immunostaining for histology—Tissue blocks were sectioned at 12−13 μm and were 

left to dry on a slide warmer overnight. Wax slides were dewaxed and rehydrated. Tissue 

sections were permeabilized with 0.5% TritonX-100 in PBS for 5 minutes. Tissue sections 

were blocked in 5% donkey serum (Sigma, catalog #D9663-10ML), 5% goat serum (Sigma, 

catalog #G9023-10ML), 3% bovine serum albumin (Fisher, catalog #BP1600-100) and 0.1% 

TritonX-100 for 1 hour at room temperature. Primary antibodies were diluted in block at 

concentrations listed in the Key Resources Table and incubated overnight at 4°C. All 

fluorophore-conjugated secondary antibodies were diluted in block at 1:500. EdU staining 

was performed according to manufacturer recommendations (Invitrogen, see Proliferation 

Studies). DAPI nuclear staining was performed according to manufacturer 

recommendations. Tissue sections were washed 5× with PBS for 15 minutes after/between 

antibody incubations. Images of sections were captured on a Zeiss Imager M2 AxioCam 

MRm microscope. For pneumonectomy studies, imaging was focused exclusively on the 

accessory lobe for all mice. For quantification of cells, at least 10 randomly selected images 

were counted per animal. Images were processed with ImageJ/FIJI (version 2.0.0, NIH).
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Lung dissociation for flow cytometry and FACS—Mice were sacrificed as described 

in the tissue harvest protocol. After perfusion, lungs were inflated intratracheally with 1 mL 

of protease solution containing Collagenase Type I (Gibco, catalog #17100–017, used at 450 

U/mL), Elastase (Worthington Biochemical Corporation, catalog #LS002279, used at 4 U/

mL;), Dispase (BD Biosciences, catalog #354235, used at 5 U/mL;) and DNaseI (Roche, 

catalog #10104159001, used at 0.33 U/mL) solubilized in DMEM/F12. The lungs were 

resected en bloc, separated into individual lobes and cut into small pieces (<2 mm2) by 

scalpel blade. Diced tissues were incubated in 4–5 mL protease solution for 30 minutes at 

37 °C with frequent agitation until completely dissociated into single cells. Cells were 

washed with serum media made from 10% FBS in DMEM/F12. Cells were incubated with 2 

mL of red blood cell lysis buffer (Biolegend, catalog #420301-BL) for 4 minutes at room 

temperature and the washed with serum media. Cells were filtered through a 40-μm strainer, 

centrifuged, and resuspended in flow cytometry/FACS buffer (5% FBS in HANKS buffer or 

HBSS, modified without Ca2+ or Mg2+). Flow cytometry was performed on a BD LSR II 

and sorting was performed on a BD FACSARIA II. Specifically for ILC2 flow cytometry, 

lungs were dissociated with GentleMACS protocol “m_lung_01_01” (Miltenyi Biotec), 

digested for 30 minutes with Liberase TM (Roche, catalog #05401119001) & DNase I 

(Sigma-Aldrich), further homogenized using gentleMACS protocol “m_lung_01_02,” and 

treated with Pharm Lyse (BD Biosciences). Data was analyzed with FACS Diva (BD 

Biosciences) and FlowJo (version 10.1r5, FLOWJO LLC).

Immunostaining for flow cytometry & FACS—Single isolated cells were kept on ice 

and stained in flow cytometry/FACS buffer (5% FBS in HANKS buffer or HBSS, modified 

without Ca2+ or Mg2+). Cells were blocked with CD16/CD32 Fc receptor block (BD 

Biosciences, catalog #553142) at 1:100 for 20 minutes and washed. Fluorophore-conjugated 

antibodies were used according to the Key Resources Table and cells were stained for 30 

minutes - 1 hour. For live cell staining and sorting, a cell viability dye was added before 

sample acquisition (Sytox Blue at 1:1000, Life Tech, catalog #S34857 or DAPI at 1:2000 of 

1 mg/mL). For intracellular flow cytometry (detection of SPC, Gata-3, or Ki67), cells were 

prepped using a cell fixation and permeabilization kit (Invitrogen, catalog #GAS003). EDU-

based proliferation was assessed using the Click-iT® EdU Alexa Fluor® 647 Imaging Kit 

(Invitrogen, catalog #C10340) as per the manufacturer’s instructions. Flow cytometry was 

performed on a BD LSRII or BD LSRFortessa DUAL and cell sorting was performed on BD 

FACSARIA II or Sony SH800S Cell Sorter. Compensation was performed with single 

antibody/channel controls using a AbC Anti-Mouse Bead kit (Molecular Probes, catalog 

#A10344). Gating controls for each channel were established with samples containing all the 

staining antibodies except the antibody in that channel (fluorescence minus one). To 

determine gating controls for reporter gene expression, mice lacking the reporter or protein 

were used. Data were analyzed with FACS Diva (BD Biosciences) and FlowJo (v10.1r5, 

FLOWJO LLC).

Intravascular CD45 Labeling—To label immune cells in the pulmonary vasculature, we 

injected mice with CD45 bound to high molecular weight fluorophore by intravenous route 

shortly before sacrifice. 2 μg of CD45-APC (10 μL, Biolegend, cat# 103112) were diluted in 

100 μL of sterile saline and loaded into a 28.5 gauge insulin syringe. Mice were put in a 

Lechner et al. Page 18

Cell Stem Cell. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sealed container containing a cotton ball soaked in isofluorane and monitored closely. When 

breathing slowed, mice were removed from the container. Gentle pressure was applied 

around the peri-orbital area to induce eye protrusion. The syringe needle was inserted in the 

retro-orbital space and contents injected. Mice were allowed to regain consciousness and 

were sacrificed by CO2 asphyxiation 5 minutes later.

Dry weight lyophilization—Murine lungs were perfused as previously described, 

isolated into individual lobes, and flash frozen in liquid N2 immediately after harvest. Lobes 

were placed into microcentrifuge tubes and transferred to a freeze/dry flask attached to a 

Labconco Freeze Dry System. Lung lobes were lyophilized for twenty-four hours and 

immediately weighed. Lung lobe weights were normalized to mouse height (anus to snout).

Proliferation studies—For assessing cell proliferation in vivo, EdU (Thermo Fisher 

Scientific, Catolog #E10415) was resuspended at 5 mg/mL in sterile PBS and administered 

to mice by intrapertoneal injection at 50 mg of EdU per kg of mouse weight. For flow 

cytometry, EdU incorporation was detected using the Click-iT EdU Alexa Fluor 647 

Imaging Kit (Invitrogen, catalog #C10340). For tissue histology, EdU incorporation was 

detected using the Click-iT Plus EdU Alexa Fluor 647 Imaging Kit (Invitrogen, catalog 

#C10640). To assess AEC2 proliferation by flow cytometry, EDU was given twenty-four 

hours prior to sacrifice. To assess local macrophage proliferation, EdU was given 3.5 hours 

prior to sacrifice.

Lineage labeling—Tamoxifen (Sigma-Aldrich, catalog #T5648) was dissolved in corn oil 

and administered to mice via intraperitoneal injection at 0.25 mg of Tamoxifen per kg of 

mouse weight. Three full doses of TMX were given to each animal at eight weeks every 

other day. To provide a tamoxifen “wash-out” period, we waited at least 14 days after the 

last tamoxifen dose before any study intervention.

Adoptive transfer of bone marrow cells—Mice were sacrificed by CO2 asphyxiation. 

Long bones (femur and humerus) were isolated and flushed with 10% FBS in DMEM to 

clear bone marrow cells. Bone marrow cells were filtered through a 40 μm strainer and 

resuspended in sterile saline for injection. Cells were manually counted using a Fisher 

Scientific Hemacytometer (catalog #0267110) and a Zeiss Primo Vert Inverted Microscope. 

10 million bone marrow cells were resuspended in 200 μL of sterile saline for intravenous 

lateral tail vein injection. Prior to injection, mouse tails were sterilized and gently warmed.

Generation of bone-marrow derived macrophages—Bone marrow cells were 

isolated as described in adoptive transfer protocol, and plated on non-tissue treated petri 

dishes with macrophage-differentiation media. This media contained 10% F.B.S, 1× 

penicillin/streptomycin, and 10% MCSF-enriched media harvested from MCSF 

secreting-3T3 fibroblasts. Bone marrow-derived macrophages were cultured for at least 7 

days, with media changes every 3–4 days, until use in co-culture 3D-organoid in vitro 
pneumosphere assay.

Pneumosphere in vitro assay—FACS sorted cells were plated in the upper chamber of 

0.4 μm transwells nestled in 24-well plates and grown in a 5% CO2, 37 °C incubator. Cells 
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were seeded in 75 μL of growth factor reduced Matrigel (BD Biosciences, catalog #356230) 

and 75 μL of pneumosphere media to form a cell-mixture plug. This plug was pipetted at the 

bottom of the transwell and 1000-900 μL of pneumosphere media was placed in the lower 

chamber. Pneumosphere media contained 10% F.B.S. (Hyclone, catalog #SH30071), 1x 

Insulin-Transferrin-Selenium (Gibco Life Tech, Catalog #41400-045), 1x penicillin/

streptomycin, EGF 20 ng/mL (R&D Systems, catalog #2028-EG-200), FGF2 25 ng/mL 

(Gibco Life Tech, catalog #PMG0033), KGF 10 ng/mL (Gibco Life Tech, catalog 

#PHG0094), HGF 10 ng/mL (Gibco Life Tech, #PHG0254) in DMEM/F12 + GlutaMAX 

(Gibco Life Tech, catalog #10565-018). Pneumosphere media was changed every two-three 

days after plating. Pneumospheres were counted on day 14 by bright-field microscopy.

Bone marrow chimeras—At 6 weeks of age, co-housed littermate Ly5.1 (CD45.1) B6 

mice were lethally irradiated with 2 does of 550 rads separated by 4 hours, followed by a 

whole bone marrow transplant several hours later. Bone marrow was harvested from wild 

type or Il4rα-deficient mice, counted, and divided amongst the recipient mice. Bone marrow 

was re-suspended in sterile saline and injected by intravenous tail vein route. Animals were 

carefully monitored over the next 10 weeks to allow turn-over and reconstitution of lung 

myeloid and bone marrow-derived monocytes.

Protein Cytokine Array—Tissues were harvested as above, except lungs were not fixed. 

Whole accessory lobes were isolated and weighed ex vivo. Accessory lobes were then flash 

frozen in liquid nitrogen and pulverized with a chilled glass dounce. RIPA lysis and 

extraction buffer (ThermoFischer Scientific, catalog #89900) containing Complete, Mini 

protease inhibitor cocktail (Roche, catalog #11-836-153-001) was added to each sample at 1 

mL of solution per 60 mg of tissue. Tissue were further homogenized by dounce and then 

briefly sonicated. Samples were then centrifuged at 14,000g for 15 minutes and supernatants 

were isolated. A standardized Bradford assay was performed to measure lysate protein 

concentration (Protein Assay Dye Reagent Concentrate, Biorad, catalog #500-0006; Bio-

Rad SmartSpec Plus Spectrophotometer, catalog #170-2525). Purified protein lysates (200 

μg) were applied to the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D 

Systems, catalog #ARY006). The chemiluminescence reaction was measured with a 

ChemiDoc XRS+ System (Biorad). Densitometry quantitation was performed in FIJI/ImageJ 

(NIH).

qRT-PCR—Single cells isolated by FACS were lysed using the QIAshredder (Qiagen, 

catalog #79654) or immediately sorted into RLT buffer. RNA was purified using the RNeasy 

Plus Micro Kit (Qiagen, catalogue #74034). RNA quantity and quality was measured using a 

Nanodrop (Thermo Scientific). cDNA was made using the Superscript IV VILO cDNA 

Mastermix Kit (Invitrogen, catalog #11756050). qRT-PCR was performed using the SYBR 

GreenER qPCR Supermix Universal Kit (Invitrogen, catalog #11762100). Reactions were 

run in triplicate on a ViiA7 Real-Time PCR System (Thermo Fischer). Expression levels 

were measured using the 2ˆ− (ΔΔCT) method in which n≥3 PNX mice were compared to n≥3 

sham mice and normalized to house-keeping genes.
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RNA sequencing—For bulk population level RNA sequencing, RNA was obtained as 

described in qRT-PCR methods. Quality control was performed with an Agilent RNA 600 

Pico Kit (catalog #5067-1513) using an Agilent 2100 Bioanalyzer (Agilent Technologies). 

Purified RNA was submitted to the UCSF Genomics Core for high throughput RNA 

sequencing. The library was prepared with TruSeq Stranded mRNA and sequencing was 

done on an Illumina HiSeq 4000 with 50 bp single-end reads. Sequencing yielded ~230 

million reads with an average read depth of 28.7 million reads/sample. Reads were then 

aligned to the mouse genome (Ensemble Mouse GRCm38.78) using STAR_2.3.2a. Those 

that mapped uniquely to known mRNAs were used to assess differential expression.

For single cell RNA sequencing, lung macrophages were isolated by FACS. Fluidigm C1 

and C1 integrated fluidics circuits (IFCs) were used to capture live cells, lyse, convert polyA

+RNA into full length cDNA, amplify cDNA and generate cDNA according to their detailed 

protocol (“Using C1 to Generate Single-Cell cDNA Libraries for mRNA Sequencing”, 

Fluidigm, PN 100–7168). 88 single CD45+, CSF1R-GFP+, F4/80+, Ly6G-cells were 

captured on a C1 Single-Cell DNA seq IFC, 5–10 μm (Fluidigm, catalog #100–5759) using 

the C1 Single-Cell Reagent Kit for mRNA Seq (Fluidigm, catalog #100–6201). Library 

preparation for sequencing was performed following the modified Illumina Nextera XT 

DNA library preparation protocol using the Nextera XT DNA Library Preparation Kit 

(Illumina, Catalog #FC-131-1096). The concentration of cDNA was determined using the 

Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies, catalog #P7589). 

Sequencing was performed by Elim BioPharm (Oakland, CA) on one lane of an Illumin 

HiSeq2500 Flow cell in rapid mode with 50bp paired end reads. De-multiplexed files were 

created using CASAVA 1.8 (Illumina).

Reads were aligned and mapped using Tophat (v2.1.0) and Bowtie2 (v2.2.6) and Cufflinks 

(v2.2.1) software (Kim et al., 2013; Trapnell et al., 2012) 141 million reads were aligned 

with an average of 1.66 million reads per cell per end. All of the accepted hits in bam files 

output from cufflinks were processed using Picard tools: FixMateInformation (http://

broadinstitute.github.io/picard/). Counts were compiled using HTSeq-count (Anders et al., 

2015; http://www-huber.embl.de/users/anders/HTSeq/doc/count.html) and aligned with 

UCSC mm10 mouse assembly. All of the gene counts for each cell were compiled into a 

single file. Filtering was then performed to remove any cell that did not have at least a 50% 

alignment rate. Genes that did not have a least one read aligned in at least 3 cells were 

removed. Fluidigm’s R package Singular was used to generate an unbiased hierarchical 

clustering heat map.

During revisions, we performed additional single cell RNA sequencing on macrophages 

harvested 7 days after sham surgery to compare with our initial dataset of PNX-

macrophages. These cells and their RNA were isolated as before, but the downstream 

analysis differed as follows:

Sequencing was performed by UCSF Genomics Core on one lane of an Illumin HiSeq2500 

Flow cell in rapid mode with 100bp paired end reads. De-multiplexed files were created 

using CASAVA 1.8 (Illumina). Each sample was filtered using Trimmatic v0.36 (Bolger et 

al., 2014; http://www.usadellab.org/cms/?page=trimmomatic) with the settings LEADING:3 
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TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:70 and only paired matches were kept. 

Counts were compiled with RSEM aligner (v1.3.0, Li and Dewey, 2011) and aligned with 

genome Ensembl GRC m38 release 87. The gene count matrix was then created by running 

the rsem command “rsem-generate-data-matrix” on all of the genes.results files for each cell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters, including the number of samples (n), descriptive statistics (mean and 

standard deviation), and significance are reported in the figures and figure legends. In 

general, at least n = 3 mice were used for each time point and for each intervention. For each 

metric analyzed, we performed an unpaired, two-tailed, Student’s t test between treated and 

control groups. When quantifying cell numbers in histological sections, counters were 

blinded, microscopy fields randomly selected, and at least 10 images were scored per 

animal. GraphPad Software version 6.0 was used for all mathematical statistical analysis.

DATA AND SOFTWARE AVAILABILITY

Data Resources—The accession number for the RNA-seq data reported in this paper is 

NCBI GEO: GSE96104 (PNX) and GSE96105 (sham).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Increased numbers of myeloid cells post-PNX. (A) Immunofluorescent staining of lung 

sections after PNX shows increased number of CSF1R-GFP+ cells (green, myeloid lineages) 

compared to unoperated animals. Scale bar = 100 um. (B) Flow cytometry shows increased 

numbers of CSF1R-GFP+,F4/80+ macrophages 7d post-PNX compared to sham operated 

animals. n=3 animals per group. Data shown are mean +/− SD. (C) Flow cytometry shows 

increased numbers of CD45+,,F4/80+,CD11b interstitial macrophages and monocytes 7d 

post-PNX compared to sham operated animals. (D) Flow cytometry shows increased 

numbers of CD45+,F4/80+,CD11c alveolar macrophages and monocytes 7d post-PNX 

compared to sham operated animals. (E, F) Quantification of data in C and D. n≥3 animals 

per group. Data shown are mean +/− SD. (G) Hierarchical clustering of 68 CD45+,CSF1R-
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GFP+,F4/80+,Ly6G-macrophages isolated from mouse lungs 7d post-PNX. At least 6 cell 

groups (x-axis) were defined by expression of 4 gene groups (y-axis). (H) Subpopulations of 

lung macrophages post-PNX included those which expressed high levels of monocyte 

markers (orange bar) and those which expressed high levels of M2-like macrophage markers 

(red bar). See also Figure S1.
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Figure 2. 
CCR2+ monocytes are recruited to the lung post-PNX. (A) A cytokine protein array shows 

increased CCL2 7d post-PNX compared to sham operated animals. (B) Immunoflourescence 

shows increased numbers of Ccr2RFP+ monocytes 7d post-PNX compared to sham operated 

mice. (C) Flow cytometry shows increased numbers of CD45+,CD11b+,Ccr2FP+ cells 7d 

post-PNX compared to unoperated littermate controls. (D) Quantification of flow cytometry 

data shows increased numbers of CCR2+ monocytes after both PNX and sham operation 

compared to unoperated littermate controls. (E) Immunofluorescence on lungs from 
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Ccr2RFP/RFP mice show decreased RFP+ monocytes 7d post-PNX compared to heterozygous 

mice (see B above). (F) Flow cytometry of dissociated lungs from Ccr2−/− mice shows 

decreased numbers of CD45+,F4/80+,CD11b+ interstitial monocytes and macrophages 7d 

post-PNX compared to wild type littermate controls. (G) Flow cytometry of dissociated 

lungs from Ccr2−/− mice shows that the number of CD45+,F4/80+,CD11c+ alveolar 

macrophages 7d post-PNX is not different from wild type littermate controls. For all 

experiments, n≥3 animals per group and data shown are mean +/− SD. Scale bars = 100 um. 

See also Figure S2.
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Figure 3. 
CCR2+ monocytes are required for lung regeneration post-PNX. (A) Whole mount images 

of right accessory lobes 21d post-PNX show impaired regeneration in Ccr2−/− mice 

compared to wild type littermate controls. Scale bar = 5 mm. (B) Ccr2−/− mice show 

impaired lung regeneration assessed by dry weight of remaining right lobes 14d post-PNX 

compared to wild type littermates. (C, D) Flow cytometry shows decreased incorporation of 

EdU (24 h pulse) in AEC2 7d post-PNX in Ccr2−/− mice compared to wild type littermate 

controls. (E,F) Immunofluorescence on lung sections Sftpc-CreER;Rosa-tomato mice 21d 
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post-PNX shows impaired differentiation of lineage labeled AEC2 (red) into AEC1 (RAGE, 

green) in Ccr2−/− mice compared to littermate controls. Scale bar = 100 um. For all 

experiments, n≥3 animals per group and data shown are mean +/− SD. See also Figure S3.
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Figure 4. 
Macrophages support AEC2. (A) Ccr2−/− mice were given whole bone marrow from Ccr2+/+ 

or Ccr2−/− mice 4 and 7 d post-PNX by tail vein injection. Recipient mice were analyzed 

14d post-PNX by lung dry weights. (B) Transfer of wild type bone marrow, but not bone 

marrow from Ccr2−/− mice, rescues the lung regeneration defect in CCR2-deficient mice. 

n≥3 mice per group, data shown are mean +/− SD. * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 

0.001 (C) Heat map and selected genes from RNA sequencing of pooled CD45+,F4/80+ 

macrophages isolated by FACS from wild type mice 7d post-PNX or sham operation. (D) 
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Lineage labeled AEC2 were isolated by FACS from heterozygous Sftpc-CreER; Rosa-
tomato mice and cultured for 14 days in 3-dimensions in varying ratios with primary 

CD45+,CSF1R-GFP+,F4/80+ macrophages from wild type mice; all wells contained 10,000 

AEC2s, and either no macrophages (A), 5,000 macrophages (B), 10,000 macrophages (C), 

or 20,000 macrophages (D). (E, F) Macrophages have a dose-dependent effect on the colony 

formation of lineage labeled AEC2 in co-culture. N≥5 co-cultures for each ratio. Data shown 

are mean +/− SD. (G) Representative image of immunofluorescence on a histological 

section of a co-culture from condition D shows an F4/80+ macrophage in close association 

with a pneumosphere. Scale bar = 100 um. See also Figure S4.

Lechner et al. Page 35

Cell Stem Cell. Author manuscript; available in PMC 2018 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
IL4RA signaling is required for lung regeneration. (A) Immunofluorescent stains on sections 

from lungs of Arginase-YFP (YARG) mice show increased numbers of YARG+,F4/80+ M2-

like macrophages (arrowheads) 4 and 7d post-PNX compared to sham. (B, C) Flow 

cytometry shows increased numbers of YARG+,F4/80+ M2-like macrophages 4 and 7d post-

PNX compared to sham operated mice. (D–F) Immunofluorescence and flow cytometry on 

lungs from Il4ra−/− mice show rare YARG+; F4/80+ M2-like macrophages (arrowhead) 4d 

post-PNX compared to wild type YARG littermate controls (see A above). (G) Il4ra−/− mice 
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show impaired lung regeneration assessed by dry weight of the right accessory lobe 14d 

post-PNX. ** = p ≤ 0.01. (H) Immunoflourescence on sections of lungs from 

Ccr2RFP/+;YARG mice show YARG+ M2-like macrophages that are both CCR2-RFP+ 

(arrows) and CCR2-RFP-(arrowheads). (I) Quantification of flow cytometry on dissociated 

lungs from Ccr2RFP/RFP; YARG mice show decreased numbers of YARG+, F4/80+ M2-like 

macrophages 4d post-PNX compared to wild type YARG controls. (J) CD45.1 wild type 

mice were lethally irradiated and given bone marrow from either wild type or Il4ra−/− 

(CD45.2) mice by tail vein injection. 10 weeks were allowed for hematopoietic 

reconstitution. PNX was performed on chimeras and they were analyzed by lung dry weight 

14d later. (K) Il4ra−/− bone marrow recipients show impaired lung regeneration compared to 

recipients of wild type bone marrow. * = p ≤ 0.05. For all experiments, n≥3 animals per 

group and data shown are mean +/− SD. Scale bars = 100 um. See also Figure S5.
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Figure 6. 
ILC2s accumulate and produce IL-13 post-PNX. (A) Immunofluorescent stains on sections 

from lungs of IL5RFP/+ (Red5) mice show ILC2s near small airways and in alveolar spaces 

post-PNX. Scale bar = 100 um. (B, C) Flow cytometry of dissociated lungs from Il5RFP/+ 

mice shows increased numbers of CD45+Lin−Thy1+IL5+ ILC2s 7d post-PNX compared to 

sham operated animals. (D, E) Flow cytometry of dissociated lungs from Smart13 mice 

shows increased numbers of IL-13 producing ILC2s 4d post-PNX compared to sham 

operated animals. n≥3 animals for each group. Data are represented as mean +/− SD. (F) 
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Proposed model demonstrating the roles of CCR2+ monocytes, M2-like macrophages, and 

ILC2s in PNX-induced lung regeneration. See also Figure S6.
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