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Abstract

Monocytes can differentiate into tissue-resident pleural macrophages, but the mechanisms 

underlying this process are not yet fully understood. In this issue of Immunity, Finlay et al.1 

show that Th2 cytokines promote this differentiation in resistant mice infected with Litomosoides 
sigmodontis.

In parallel to the T helper 1 (Th1), T helper 2 (Th2) cell paradigm,2 in vitro cytokine 

stimulation of monocytes can result in their differentiation into different macrophage 

subsets. Specifically, exposure to the Th1 cell cytokine interferon-γ (IFN-γ) leads to 

differentiation into classically activated M1-like macrophages, while the Th2 cell cytokines 

interleukin-4 (IL-4) and IL-13 induce differentiation into alternatively activated M2-like 

macrophages. In vivo, macrophages are broadly classified as either tissue-resident or 

recruited macrophages. Tissue-resident macrophages are terminally differentiated cells with 

a relatively stable transcriptional profile.3 Certain types of tissue-resident macrophages 

are found exclusively in one organ, such as alveolar macrophages (airways), Kupffer 

cells (liver), Langerhans cells (skin), and peritoneal macrophages, and they exhibit unique 

transcriptional signatures due to the specific environment they occupy.3 In contrast, 

another type of tissue-resident macrophages, interstitial macrophages, are transcriptionally 

conserved across most organs.4 While macrophages in vivo may exhibit some aspects 

of an M1-like or M2-like phenotype, showing proinflammatory or resolving functions, 

respectively, M1-like and M2-like macrophages generally arise from recruited monocytes 

that enter the environment as M0-like cells during inflammation, such as that caused 

by Litomosoides sigmodontis infection. These monocytes can differentiate into various 

cell types, including tissue-resident macrophages, recruited macrophages, or migratory 

monocyte-derived dendritic cells.1,5 Studies have shown that recruited monocytes acquire 

residency during the transition from acute to chronic infection, which coincides with a shift 

from an M1-like to an M2-like phenotype, thereby safeguarding against overwhelming and 
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uncontrolled inflammation.6 This finding is further supported by the current study by Finlay 

et al.1

In their study of comparative infection in resistant C57BL/6 and susceptible BALB/c mice 

with the filarial parasitic nematode L. sigmodontis, Finlay and colleagues demonstrate that 

protection from L. sigmodontis in the resistant strain is mediated in part by the ability of 

C57BL/6 mice to develop mature Th2 cell responses to infection. In contrast, susceptible 

BALB/c mice develop a more suppressive immune response to the nematode.1,7 Mature Th2 

cell responses in the C57BL/6 mice were found to support the differentiation of recruited 

monocytes into protective, terminally differentiated, IL-4- and IL-4Rα-dependent, tissue-

resident large-cavity macrophages (LCMs), referred to as M(IL-4) LCMs, while monocytes 

from BALB/c mice were arrested at an intermediate, converting cavity macrophage (CCM) 

non-protective phenotypic state (Figure 1).1 These findings help explain the differential 

outcome of infection between the two mouse strains.

Using mass cytometry, the study reveals intrinsic differences in immune cell abundance 

between L. sigmodontis-resistant C57BL/6 and susceptible BALB/c mice following 

infection. They observed a discrepancy in CD11b+ mononuclear phagocytes (MNPs), 

with a greater expansion in C57BL/6 mice compared with BALB/c mice after infection. 

Flow cytometry identified four distinct subpopulations of CD11b+ MNPs including 

recruited Ly6Chi monocytes, MHCIIhiF4/80lo small-cavity macrophages (SCMs), PD-L2+ 

CD206+FRβ+Lyve1+ CCMs, and CD102+ CD73+F4/80hi LCMs. After L. sigmodontis 
infection, C57BL/6 mice showed a higher proportion of LCMs, whereas BALB/c mice 

exhibited stronger recruitment of monocytes and more CCMs. The high ratio of LCMs 

with other MNPs was negatively correlated with worm recovery, revealing the underlying 

mechanism for the susceptibility observed in BALB/c mice (i.e., fewer LCMs).

To comprehensively investigate the heterogeneity and dynamics of different MNPs during 

nematode infection, single-cell RNA sequencing (scRNA-seq) was conducted. RNA velocity 

analyses revealed two distinct routes of monocyte differentiation: (1) from monocyte-like 

SCMs to DC-like SCMs and (2) from monocyte-like SCMs to CCMs, and then LCMs, 

with an increased dependence on the transcription factor GATA6 (Figure 1). However, 

in C57BL/6 and BALB/c mice, the L. sigmodontis infection resulted in differential 

transcriptional profiles of LCMs. In L. sigmodontis-resistant C57BL/6 mice, pathway 

analysis predicted signal transducing activator of transcription-6 (STAT6) and IL-4 as 

upstream regulators in post-infection M(IL-4) LCMs compared with naive LCMs. Moreover, 

the post-infection CCM population was predicted to be an intermediate between monocyte-

like cells and M(IL-4) LCMs. However, in infected BALB/c mice, these CCMs accumulated 

and only a small fraction differentiated, with those differentiating more into the naive-

like LCMs instead of the L. sigmodontis-protective M(IL-4) LCM phenotype (Figure 

1), supporting the concept that tissue-resident macrophage differentiation influences the 

susceptibility of different mouse strains to nematode infection.

Through CellRank analysis, the distinct differentiation patterns of MNPs in the pleural 

cavity during L. sigmodontis infection were evaluated. Monocyte-like SCMs in infected 

C57BL/6 mice had a higher probability of differentiating into M(IL-4) LCMs, whereas 
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those in BALB/c mice were more likely to differentiate into dendritic cell (DC)-like cells 

and naive-like LCMs. In addition, adoptive transfer of congenic monocytes showed their 

different conversion capability in both infected BALB/c and C57BL/6 mice. Specifically, 

BALB/c mice exhibited an accumulation of CCMs, while C57BL/6 mice showed an 

accumulation of LCMs.

To investigate differences in monocyte-macrophage residency between strains, bone marrow 

chimera mice were generated using BALB/c and B10.D2 mice. The latter shares the 

H2d haplotype with BALB/c mice and has a resistance phenotype to L. sigmodontis, 

similar to C57BL/6 mice. Various chimeras were examined, leading to the conclusion 

that hematopoietic cells play a primary role in the abundance of LCMs. This abundance 

was accompanied by the expansion of Th2 cells, suggesting their role in regulating LCM 

residence. The importance of Th2 cells was supported by studies using a T cell and 

conventional DC 2-deficient mouse strain, as well as tools to deplete T cells (anti-CD4 

antibody) and inhibit lymphocyte migration. After illustrating the importance of Th2 cells, 

the involvement of type 2 cytokines in the conversion process of LCMs was examined using 

Il13eGFP (IL-13-deficient) mice and Il4ra−/− (receptor-subunit deficient for both IL-4 and 

IL-13) mice in a C57BL/6 background. Both mouse strains exhibited varying degrees of 

stalled monocyte-to-LCM transition, indicating distinct stages at which different Th2 cell 

cytokines impact the process. Specifically, IL-13 predominantly affected the CCM-to-LCM 

transition, while IL-4 affected the monocyte-CCM transition, resulting in fewer CCMs 

and LCMs in the Il4ra−/− compared with control mice, illustrating a functional difference 

between IL-4 and IL-13 during the pleural cavity macrophage residency.

Overall, Finlay et al.1 have uncovered an additional role for type 2 cytokines in 

regulating pleural macrophage residency, extending beyond previous knowledge that type 

2 cytokines promote the proliferation of reparative functions of macrophage. Interestingly, 

the CCM population described in the study shares signature genes with CD206hi interstitial 

macrophages found in the lung interstitium, airspace, and pleural membrane,4,8,9 which 

also express IL-4R, indicating their responsiveness to type 2 cytokines. It would be 

intriguing to investigate whether the CCM population is a heterogeneous population that 

contains bona fide interstitial macrophages recruited from the pleural membrane into the 

pleural space upon infection and provides a distinct functional role in the environment. 

Additionally, it remains unclear whether interstitial macrophages differentiate into LCMs 

or other tissue-specific macrophages, or whether monocytes naturally express interstitial 

macrophage signature genes as they differentiate into tissue-specific macrophages while 

migrating from the bloodstream through the interstitium and into the luminal space, as 

previously observed.10 As stated in the study, a lineage-tracing mouse is required to 

conclusively determine the extent of the contribution of monocyte conversion to LCMs 

versus local proliferation of tissue-resident macrophages. Determining whether the type 2 

cytokines are equally required for other tissue-resident macrophage populations will also be 

interesting. Furthermore, the next investigation steps should examine the long-term effects 

of recruited LCMs on subsequent encounters with the same or different pathogens, as 

recruited experienced macrophages possess distinct transcriptional and functional profiles 

compared with the original macrophages (e.g., M[IL-4] LCM versus naive LCM). Studies 

in the lung have shown that recruited alveolar macrophages may have either beneficial or 
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detrimental effects during subsequent infections compared with the original resident alveolar 

macrophages,3 highlighting the importance of environmental factors in shaping the function 

of resident macrophages and their response to infections. In summary, this study provides an 

elegant explanation for the apparent nematode susceptibility paradox between C57BL/6 and 

BALB/c mice by showing that Th2 cell cytokines not only induce M2-like macrophages and 

their proliferation, but also help establish their homecoming in the tissues.
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Figure 1. Uncovering the mechanism behind Litomosoides sigmodontis resistance: Type 2 
cytokine-induced pleural macrophages and the transition from monocytes to M(IL-4) LCMs 
in C57BL/6 mice
Small-cavity macrophages (SCMs); converting cavity macrophages (CCMs); large-cavity 

macrophages (LCMs); IL-4Rα-dependent large-cavity macrophages (M[IL-4] LCMs); type 

2 helper T cells (Th2); retinoic acid (RA). Created with BioRender.com.
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