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Abstract

Intestinal macrophages (mϕ) form one of the largest populations of mϕ in the body and are vital 

for the maintenance of gut homeostasis. They have several unique properties and are derived from 

local differentiation of classical Ly6Chi monocytes, but the factors driving this tissue-specific 

process are not understood. Here we have used global transcriptomic analysis to identify a unique 

homeostatic signature of mature colonic mϕ that is acquired as they differentiate in the mucosa. By 

comparing the analogous monocyte differentiation process found in the dermis, we identify TGFβ 
as an indispensable part of monocyte differentiation in the intestine and show that it enables mϕ to 

adapt precisely to the requirements of their environment. Importantly, TGFβR signalling on mϕ 
plays a crucial role in regulating the accumulation of monocytes in the mucosa, via mechanisms 

that are distinct from those used by IL10.
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Introduction

Macrophages (mϕ) are present in most tissues of the body, where they scavenge dying cells, 

remodel tissues and act as sources of growth factors for neighbouring parenchymal cells and 

leukocytes 1. During infection or inflammation, they ingest and kill invading microbes and 

produce pro-inflammatory mediators 2. Despite many similarities, there is increasing 

evidence that mϕ in distinct steady state tissues differ in terms of ontogeny, phenotype and 

functions 3.

The discovery that the yolk sac mesenchyme, foetal monocytes and adult bone marrow (BM) 

derived monocytes could all generate resident mϕ led to the idea that tissue-specific 

differences amongst mature mϕ might reflect their origin from distinct precursors. Thus, 

while microglia are derived almost entirely from self-renewal of yolk sac precursors 4–6, 

alveolar mϕ, liver Kupffer cells and epidermal Langerhans cells are derived from foetal liver 

monocytes 5–7. Conversely, we have shown that intestinal mϕ require constant 

replenishment by BM-derived monocytes throughout adult life 8,9. Adult monocyte-derived 

mϕ are also present to different degrees in other tissues such as dermis 10, heart 11–13 and 

the serous cavities 14. However, more recent work makes it clear that developmental origin 

alone does not explain the heterogeneity seen amongst mϕ from different anatomical sites, as 

these have unique molecular signatures even when derived from the same progenitor 15. 

Furthermore, transcriptionally identical mϕ develop upon adoptive transfer into the neonatal 

lung, irrespective of the type of precursor used 16. Thus tissue-derived signals appear to be 

the principal determinant of resident mϕ fate.

The intestinal mucosa contains one of the largest populations of mϕ in the body 17. 

Although initially embryo-derived, intestinal mϕ are derived entirely from circulating 

Ly6Chi monocytes from the time of weaning onwards 9. Under steady state conditions, these 

monocytes differentiate through a series of short-lived intermediaries to generate mature mϕ 
characterised by expression of high levels of CD11b, MHCII, CX3CR1 and CD11c, 

production of IL10 and relative desensitisation to conventional stimuli 8,18,19. However, 

during inflammation this differentiation process is disrupted resulting in the accumulation of 

immature, pro-inflammatory cells 8,18,20,21. Thus the fate of Ly6Chi monocytes in the 

intestine is dependent on the context of the environment into which they arrive.

While recent studies have identified retinoic acid and CSF2/PPARγ ligands as local 

environmental signals that imprint the unique signature of peritoneal and alveolar mϕ 
respectively 7,22,23, the equivalent factors in the intestine have not been elucidated. Here 

we use global transcriptomic analysis to identify a unique genetic signature of steady state 

colonic mϕ that is acquired as they differentiate locally from Ly6Chi monocytes via a 

process known as the ‘monocyte waterfall’ 8,18. Through comparison to the analogous 

process found in the dermis, we identify TGFβR signalling as an indispensable part of 

monocyte differentiation in the gut and show that it allows intestinal mϕ to adapt precisely to 

the special requirements of their environment. By combining conditional TGFβR1-deficient 

mice with BM chimera models, we demonstrate that TGFβR signalling on mϕ limits 

monocyte recruitment to the mucosa, via mechanisms that appear distinct from those used 

by IL10.
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Results

Transcriptomic Analysis of Colonic Macrophage Differentiation

To explore the processes that govern mϕ differentiation in the intestine, we first performed 

whole transcriptome array analysis of FACS purified mature 

CD64+CX3CR1hiLy6C–MHCII+ colonic mϕ and compared the results with published data 

sets for peritoneal, lung, brain, spleen and BM mϕ (Immgen Consortium), as well as with 

the mature dermal mϕ 10. Consistent with the idea that resident mϕ show tissue specific 

specialisation, the different populations clustered separately both when comparing entire 

transcriptomes (Figure 1a) or the 37 genes suggested to describe a mϕ ‘core signature’ 24 

(Supplementary Figure 1a). Both approaches showed that colonic mϕ were more closely 

related to those from the dermis than to other tissue mϕ (Figure 1a and Supplementary 

Figure 1a). Further analysis revealed that 108 genes were differentially expressed by at least 

two-fold in colonic mϕ compared with all other tissue mϕ assessed and these can be 

considered as comprising a putative signature for colonic mϕ. They included Cd4 and the 

inhibitory receptor Il1r2, as well as genes that encode the tight junction proteins Amica1, 
Cdh17 and Cldn7, members of the Notch pathway (Hes1, Dtx3), Cxcl9, Tlr12 and the TGFβ 
superfamily receptor Tdgf1 (Supplementary Figure 1b).

To gain further insight into how local factors shape the selective characteristics of mϕ in the 

intestine, we analysed the differentiation stages within the “monocyte waterfall” that 

generates intestinal mϕ from their monocyte precursors 8,9,18. In this scheme, newly arrived 

monocytes are Ly6ChiMHCII–CX3CR1int (P1), two intermediate subsets can be identified as 

Ly6ChiMHCII+CX3CR1int (P2) and Ly6C–MHCII+CX3CR1int (P3), and mature mϕ are 

Ly6C–MHCII+CX3CR1hi (P4) 8,18 (Figure 1b). Analysis of the transcriptomes of these 

phenotypic subsets in the colon revealed a clear progression in gene expression, consistent 

with them being components of a linear maturation continuum (Figure 1c). In total, 1004 

genes changed by more than two-fold between newly arrived Ly6Chi monocytes (P1) and 

CX3CR1hi mature (P4) mϕ (Supplementary Table 1). Among the 391 genes that were 

downregulated were molecules involved in the chemotaxis and extravasation of monocytes, 

such as Ccr2, Sell (which encodes CD62L), Ly6c1, Gpr35 (CXCR8), Itga1 (VLA-1), Itgal 
(LFA-1) and Itgb7 (β7 integrin) (Figure 1d). Flow cytometry confirmed the decreasing 

expression of CCR2 and β7 integrin proteins during the maturation process in the colon and 

small intestine (Figure 1e and Supplementary Figure 2). Other highly downregulated genes 

included the pro-inflammatory factors Il6 and Trem1 (triggering receptor expressed on 

myeloid cells) and adaptor proteins within the TLR activation pathway (Myd88, Irak3) 

(Figure 1d).

613 genes were upregulated in mature P4 mϕ compared with newly arrived P1 monocytes 

(Supplementary Table 1). Many of these were consistent with mature colonic mϕ having an 

important role in tissue homeostasis, as they included genes encoding receptors involved in 

the phagocytosis and uptake of apoptotic cells (Mertk, Mrc1 (CD206), Cd36, Gas6, Axl, 
Itgav, Itgb5, Cd9, Cd81, C1qa-c), tissue remodelling metalloproteinases (Mmp2 and Mmp9), 
monocyte chemoattractants (Ccl7 and Ccl8) and components of the complement cascade 

(Figure 1f). Other highly upregulated genes were members of the TGFβR signalling 
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pathway (Tgfbr1/2, Smad7) and genes encoding molecules already known to be highly 

expressed by colonic mϕ, including Cx3cr1, MHCII associated H2-M2, Itgax (CD11c), 

Emr1 (F4/80), and Il10 (Figure 1f). 42 of these upregulated genes were amongst the 108 

genes identified above as being expressed at ≥ 2-fold higher levels by colonic mϕ than in any 

other tissue mϕ (Figure 1g and Supplementary Figure 1b), thus identifying a signature of 

monocyte differentiation that is specific to the colonic mucosa. Flow cytometry confirmed 

the increasing expression of surface proteins corresponding to a number of genes regulated 

during the maturation process, with comparable changes being observed in the colon and 

small intestine (Figure 1h and Supplementary Figure 2). However this also showed that 

while some receptors such as αvβ5 integrin, CD274 and CD9 were upregulated 

progressively through the monocyte waterfall, others such as CD63 and CD4 only appeared 

on fully mature CX3CR1hi mϕ (Figure 1h). Thus the changing expression of the genes that 

mark intestinal mϕ differentiation is not an entirely synchronous process.

Together these findings support the idea that tissue specific signals drive intestinal mϕ to 

acquire a specific homeostatic signature as they differentiate from monocytes.

The Colonic Environment Shapes a Tissue Specific Programme of Monocyte-Macrophage 
Differentiation

To explore the mechanisms involved in this specific developmental process in the colon, we 

repeated our analysis of different tissue mϕ, this time focussing on the 1004 genes that were 

significantly up- or down-regulated during the transition from monocytes to resident mϕ in 

the colon (Supplementary Table 1). In this way, we aimed to identify those genes whose 

regulation was selective for differentiation in the colon, as opposed to being part of generic 

mϕ development. This approach showed that colonic mϕ cluster closely with skin dermal 

and lung interstitial mϕ (Figure 2a), populations that are also replenished by BM-derived 

monocytes 10,14. Indeed a ‘monocyte waterfall’ containing short-lived P1, P2 and P3 

subsets is also present in the steady state dermis (Supplementary Figure 3a) 10. In contrast 

to the colon, the mature mϕ compartment of the dermis contains both MHCII– (designated 

dermal P4) and MHCII+ (dermal P5) cells. We reasoned that transcriptional differences 

between the various stages within the monocyte-mϕ continuum in the colon and dermis 

could reveal factors specific to the colonic environment. Principal component analysis of the 

individual subsets within the ‘monocyte waterfall’ from the colon and the dermis showed 

progressively increasing transcriptional distance between each phenotypically defined stage 

and Ly6Chi blood monocytes, consistent with a putative linear relationship between each 

subset within its own tissue (Figure 2b). Importantly however, the equivalent subsets in 

colon and dermis became increasingly separate as they progressed through development, 

suggesting that a tissue-dependent programme determined the eventual outcome of 

monocyte differentiation.

Although a substantial number of genes showed significant changes in expression between 

newly arrived monocytes and mature MHCII+ mϕ in both the colon and dermis (1004 and 

838 genes respectively; Supplementary Table 2), only 240 of the upregulated and 147 of the 

downregulated genes were common to the two tissues (Figure 2c). Because the 

developmental origin and relationship of the MHCII– and MHCII+ mϕ in the dermis is 
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unclear, and there is no analogous MHCII– population in the adult colon, we omitted dermal 

MHCII– mϕ from these analyses. Among the shared downregulated genes were those 

involved in extravasation of monocytes such as Sell (CD62L), Ly6c1 (Ly6C), Itgb7 (β7 

integrin) and proinflammatory molecules like Trem1. Among the shared upregulated genes 

were Il10, H2-M2, Mrc1 (CD206), Mertk, Gas6, C1qb, C1qc, C1qa, Cd163 and Itgax 
(Supplementary Table 2). 373 genes were selectively upregulated by maturing monocytes in 

the colon, and 163 of these genes were expressed by two-fold or more by fully mature 

colonic mϕ (P4) compared with their MHCII+ (P5) equivalents in the dermis (Figure 2c, 

upper panel, Supplementary Table 2). These genes seem to comprise a cassette selectively 

imprinted in mature mϕ by the colonic tissue environment (Supplementary Table 2).

Gene Set Enrichment Analysis highlighted the TGFβR signalling pathway as a potential 

candidate for driving the colonic differentiation process. Genes belonging to this pathway 

were enriched amongst the 1004 genes that define mϕ maturation in the colon 

(Supplementary Table 3). A set of these genes was also amongst those upregulated 

selectively during the differentiation of monocytes into mature mϕ in the colon but not in the 

dermis. These included Tgfbr1, Bmp2, Smad7 and Tgfb3 (Figure 2d). Together these 

findings indicate that the tissue specific properties of colonic mϕ reflect the outcome of 

selective differentiation of monocytes, driven by the local environment and that this process 

may involve TGFβR signalling.

TGFβR1 Signalling Regulates Monocyte Accumulation in the Colon

To investigate whether TGFβR signalling contributed to colonic mϕ development in vivo, we 

examined mice that lack Tgfbr1 on CD11c+ cells using CD11c-Cre-Tgfbr1fl/fl mice, as in 

our hands, most colonic mϕ express CD11c at significant levels 9. These mice were 

maintained on a Rag1–/– background (Figure 3a) to circumvent the fatal multi-organ 

inflammation that occurs due to Cre recombinase activity in a small subset of T cells in 

CD11c-Cre-Tgfbr1fl/fl mice {Bain, Montgomery et al, Unpublished observations}. 

Histology of the colonic tissue isolated from CD11c-Cre-Tgfbr1fl/flRag1–/– mice confirmed 

the absence of intestinal inflammation (data not shown). Analysis of CD11c-Cre-Rosa26-

LSL-eYFP reporter mice confirmed efficient CD11c driven Cre recombinase activity in both 

CD64– DC and CD64+Ly6C–MHCII+ mϕ in the colon, the latter being the equivalent of the 

P3+P4 subsets defined in Cx3cr1+/GFP mice. In contrast, there was little or no Cre activity in 

Ly6ChiMHCII– P1 monocytes, their Ly6ChiMHCII+ P2 descendants or in other CD11clo/– 

cells in the mucosa including eosinophils (Supplementary Figure 4b, c). Analysis of CD11c-

Cre-Tgfbr1fl/flRag1–/– mice revealed a trend towards more Ly6C+MHCII– P1 and 

Ly6C+MHCII+ P2 cells, together with significantly fewer mature Ly6C–MHCII+ mϕ 
amongst CD64+ cells in the colon of Cre+ compared with Cre– mice (Figure 3b,c). To assess 

the impact of TGFβR deficiency in a competitive environment, we next generated mixed 

BM chimeric mice. Lethally irradiated CD45.1+/CD45.2+ recipients were reconstituted with 

a mixture of BM from WT (CD45.1+) and Cre– or Cre+ Tgfbr1fl/fl (CD45.2+) mice (Figure 

3d). Under these conditions, WT and both types of Tgfbr1fl/fl BM were able to generate 

monocyte-mϕ subpopulations in the colonic mucosa (Supplementary Figure 5a). However, 

the Cre+ BM showed a small, but significant reduction in the generation of mature 

Ly6C–MHCII+ (P3/P4) mϕ compared with WT BM, a competitive disadvantage consistent 
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with the presence of CD11c and therefore active Cre recombinase expression on these 

mature mϕ. Analysis of the monocyte waterfall in the mixed BM chimeras showed that there 

were significantly higher frequencies of P1 and P2 cells, together with fewer Ly6C–MHCII+ 

(P3/P4) mϕ in the colon of WT:Cre+ chimeras compared with their WT:Cre– controls 

(Figure 3e and f). Interestingly, these changes in the monocyte-mϕ continuum were not due 

to an intrinsic loss of TGFβR1 signalling, as both Tgfbr1fl/fl- and WT-derived P1 and P2 

cells were over-represented in WT:Cre+ chimeras (Supplementary Figure 5b).

To assess whether these effects were due to deletion of TGFβR1 on cells of the monocyte/

mϕ lineage as opposed to other CD11c+ cells, we generated BM chimeras in which complete 

TGFβR1 deficiency was restricted to this lineage. Lethally irradiated CD45.1+/CD45.2+ 

recipients were reconstituted with a 50:50 mix of BM from Ccr2–/– (CD45.1+) and Cre– or 

Cre+ Tgfbr1fl/fl (CD45.2+) mice (Figure 3g). Consistent with our previous findings that 

intestinal mϕ require constant replenishment by CCR2-dependent precursors 9,18, the 

colonic mϕ compartment in these animals was derived almost completely from the 

Tgfbr1fl/fl donor (Supplementary Figure 5c). In contrast, CCR2-independent cells such as 

eosinophils were derived equally from both BM sources (Supplementary Figure 5c). The 

Ccr2–/–:Cre+ chimeras recapitulated the increased frequencies of immature P1 and P2 cells, 

and fewer Ly6C–MHCII+ (P3/P4) mϕ (Figure 3h and i). As in the intact CD11c-Cre-

Tgfbr1fl/flRag1–/– mice, there was no histological evidence of intestinal inflammation in the 

Ccr2–/–:Cre+ chimeric mice, indicating this was not responsible for the changes in the 

waterfall (Supplementary Figure 5d). Dendritic cell subsets were present in comparable 

frequencies in the two groups of CD11c-Cre-Tgfbr1fl/fl x Ccr2–/– chimeric mice 

(Supplementary Figure 5e). Thus the dysregulated monocyte-mϕ continuum in the absence 

of TGFβR-mediated signalling in CD11c+ cells is due to an effect on mature mϕ, rather than 

secondary to changes in the DC compartment.

TGFβR1 Dependent Signalling Shapes Intestinal Macrophage Differentiation

To assess the impact of Tgfbr1 deficiency on colonic mϕ differentiation in more detail, we 

compared the transcriptome of mature CD64+Ly6C–MHCII+ mϕ from Cre– and Cre+ mice, 

focussing on the 1004 genes that we found to define monocyte to mϕ differentiation in the 

colon (Supplementary Table 1). Of these, 115 were differentially expressed by at least 1.5-

fold in Cre+ compared with Cre– mice (Figure 4a and Supplementary Table 4). Notably, 

among those upregulated was the monocyte chemoattractant Ccl8, which could explain the 

increased abundance of P1 and P2 cells we observed in CD11c-Cre-Tgfbr1fl/flRag1–/– and 

both BM chimeric systems (Figure 4a and b). Indeed CCL8 is reported to be preferentially 

produced by CD169+ mature macrophages in the colon 25 and we observed increased 

frequencies of CD169+ macrophages amongst CD64+Ly6C–MHCII+ mϕ from WT:Cre+ 

mice compared with control WT:Cre– mice (Figure 4c). Analysis of WT:Cre+ mice 

confirmed that the increased abundance of CD169+ cells was due to loss of cell-intrinsic 

TGFβR signalling (Figure 4d).

Amongst those genes downregulated in the absence of TGFβR1 signalling were Hes1, 
Il22ra2 and Tlr12, genes we had found to be selectively enriched in colonic mϕ compared 

with all other tissue mϕ (Figure 4a, Supplementary Figure 1b). mRNA transcripts for Itgav, 
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Itgb5, Cd9 and Cx3cr1 were also expressed at significantly lower levels in mature Cre+ mϕ, 

findings that were confirmed by RT-qPCR or flow cytometric analysis of for αv, αvβ5 and 

CD9 expression by small intestinal and colonic macrophages (Figure 4e and f). Notably, RT-

qPCR analysis showed lower levels of Il10 mRNA transcripts in Tgfbr1–/– mϕ compared 

with their Tgfbr1-sufficient counterparts (Figure 4e). We then used the group of genes that 

differed between Cre+ and Cre– mϕ to interrogate the differentiation continuums in wild type 

colon and dermis. This identified a set of TGFβR-dependent genes that appeared to define 

the colon specific differentiation of monocytes (Figure 4g). Interestingly, clustering of all 

tissue mϕ based on the TGFβR-dependent genes revealed similarity between colonic mϕ and 

microglia (Figure 4h). Indeed, several genes reported previously to be ‘microglia-specific’ 

(e.g. Tmem119, Olfml3, Spata13 and Siglech) 24,26, were highly expressed by colonic mϕ 
(Figure 4a and h).

Thus TGFβR signalling is critical for the acquisition of the characteristic traits of mature 

homeostatic intestinal mϕ as they differentiate from monocytes.

TGFβ and IL10 imprint non-overlapping features of colonic Mϕ

One of the most characteristic features of mature intestinal mϕ is that during their 

development from monocytes they become hyporesponsive to stimulation with TLR ligands 

8,21,27. While IL10 receptor signalling has been shown to be involved in this in vivo 28–31, 

experiments with human mϕ have suggested that it may be induced by TGFβ in vitro 19,32. 

To investigate this role of TGFβR signalling in vivo, we assessed cytokine production by mϕ 
from the colon of WT:Cre–/Cre+ mixed BM chimeric mice in the presence and absence of 

TLR4 ligation by LPS. This revealed no changes in TLR4 responsiveness, as cytokine 

production was increased to a similar extend by LPS stimulation in Cre– and Cre+ 

macrophages (Figure 5b). However, as in intact CD11c-Cre-Tgfbr1fl/fl Rag1–/– mice, resting 

colonic mϕ derived from Tgfbr1–/– BM had reduced levels of mRNA for IL10 compared 

with their Tgfbr1+/+-derived counterparts and this was confirmed by intracellular cytokine 

staining (Figure 5a and b). Interestingly, resting Tgfbr1–/–-derived mϕ also expressed lower 

levels of TNFα protein (Figure 5b). These differences in IL10 and TNFα production were 

maintained after stimulation via TLR4 (Figure 5b).

These results indicate that although TGFβR and IL10R mediated signalling can both 

influence the behaviour of resident intestinal mϕ in vivo, their effects appear to be quite 

distinct. To study this in more detail, we compared the global transcriptome of TGFβR-

deficient mϕ with that of a recently published transcriptome from IL10R-deficient mϕ 28. 

When compared with their control populations, 316 and 325 genes were expressed at 

significantly different levels by IL10R- and TGFβR1-deficient mϕ respectively. However 

only 9 of these were affected by both IL10R- and TGFβR1-deficiency, and this was reduced 

to 5 genes when we focused on the 1004 genes defining the transition from monocytes to 

resident mϕ in the colon (Figure 5c).

Thus, IL10 and TGFβ act in concert to imprint largely non-overlapping phenotypic and 

functional characteristics of mature mϕ in the colonic mucosa.
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Discussion

Tissue mϕ are highly heterogeneous and their differentiation is determined by tissue-specific 

combinations of individual cytokines, transcription and growth factors 7,15,22,23,26. Here 

we show that mature mϕ in steady state colon progressively acquire a specific signature as 

they differentiate locally from classical Ly6Chi monocytes via a process that is determined to 

a substantial degree by intrinsic TGFβ mediated signalling.

By identifying a module of genes that is expressed by colonic mϕ but not by mature mϕ 
from other tissues, we extend previous findings that intestinal mϕ possess a distinctive 

transcriptional and epigenetic landscape 15. To the best of our knowledge, this is the first 

study to perform transcriptional profiling of monocyte-macrophage differentiation in the gut. 

By doing so, we demonstrate progressive imprinting by the colonic environment, as each 

stage within the local differentiation continuum became increasingly distinct from the 

equivalent subsets in dermis that share a classical monocyte precursor 9,10. This process 

must begin rapidly after recruitment of monocytes into the tissue, as newly arrived 

monocytes in the colon (‘P1’) were already transcriptionally distinct from their counterparts 

in both blood and dermis. This is consistent with our earlier findings that adoptively 

transferred Ly6Chi monocytes enter the colonic mucosa and change in phenotype within 24 

hours after transfer 8. The mechanisms involved in this early acquisition of tissue specificity 

are unknown. However the process of crossing the endothelial barrier can itself induce 

phenotypic and genetic changes in monocytes 33 and the consequences of this may vary 

depending on the anatomical site. Other sources of such factors could be stromal cells in the 

vicinity of blood vessels and it would be important to explore the tissue-specificity of such 

processes in future. Alternatively, we cannot rule out the possibility that the BM monocyte 

compartment may be heterogeneous, with individual subsets already imprinted to migrate to 

specific tissues, but to date, this possibility has not been explored directly.

Important clues to the potential homeostatic roles of intestinal mϕ emerged from our 

comparative analysis of colonic and dermal mϕ development. In particular, genes encoding 

receptors for apoptotic cells showed progressive upregulation as monocytes matured and 

while some of these were common to both sites (e.g. C1q, Mer and CD36), others (e.g. αvβ5 

integrin and Axl) were selectively enriched during colonic mϕ development. αvβ5 integrin 

plays an indispensable role in removing effete photoreceptor cells from the retina 34 and 

mice with LysM-driven deletion of integrin αv develop spontaneous colitis associated with 

accumulation of apoptotic cells 35. As β5 is the only partner for the αv chain expressed by 

intestinal mϕ (data not shown), these results suggest that αvβ5 may also be important for 

maintenance of intestinal homeostasis by myeloid cells 36. Together, these findings indicate 

how this population has been shaped to deal with the specific requirements of its 

environment. The rapid turnover rate of the intestinal epithelium means that effective 

clearance of effete cells and remodelling of the underlying extracellular matrix is essential. 

Colonic mϕ are perfectly equipped to handle these tasks, being located close to the surface 

epithelium and possessing all the machinery needed to clear apoptotic epithelial cells and 

modify the surrounding stroma. Intriguingly, fully differentiated colonic mϕ also expressed 

Amica1, the gene encoding junctional adhesion molecule-like (JAML), a protein that allows 

leukocytes to adhere to and migrate across tight junctions by binding to the Coxsackie and 
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Adenovirus receptor (CAR) expressed by epithelial and endothelial cells 37. Our analysis 

showed that Amica1 is not expressed to any extent by other mϕ and given that intestinal 

CX3CR1+ mononuclear phagocytes have been suggested to extend processes into the 

epithelium to sample the lumen 38,39, the ability to form tight junctions may allow intestinal 

mϕ to enter the epithelial layer without disruption of the barrier. Importantly, all these 

activities take place without provoking local inflammation, perhaps reflecting the 

upregulation of several immunoregulatory mediators and receptors by mature colon mϕ 
including Il10, Il1r2, Il22ra2, Il18bp and Cd274 40–43, together with progressive 

downregulation of the pro-inflammatory signalling elements Myd88, Nod2 and Il6.

Recent studies indicated that Tgfbr1 is amongst those genes whose enhancer carries active 

epigenetic marks in intestinal mϕ 15 and consistent with this, we identified TGFβR 

mediated signalling as a candidate for controlling colonic mϕ differentiation. To test this 

idea, we examined CD11c-Cre.Tgfbr1fl/flRag1–/– mice, in which mature intestinal mϕ 
showed CD11c-driven Cre recombinase activity. All stages of the monocyte waterfall were 

present in CD11c-Cre.Tgfbr1fl/flRag1–/– mice, suggesting that TGFβ does not control the 

recruitment of monocytes or survival of their progeny in the mucosa. However, our 

transcriptomic analysis identified a role for TGFβ in the maturation of colonic mϕ. Of the 

genes that define P1 to P4 transition, ~10% were altered in the absence of Tgfbr1, including 

Cx3cr1, whose high expression is a defining feature of terminally differentiated colonic mϕ 
8,18,44. We cannot exclude the possibility that the transcriptome of mϕ from the Tgfbr1fl/fl 

strains may be influenced by the fact they are bred on a Rag1–/– background and hence may 

be intrinsically distinct from those obtained from the immunocompetent mice that we used 

to establish the macrophage “signature”. However the fatal multi-organ inflammation that 

occurs due to Cre recombinase activity in a small subset of T cells in CD11c-Cre-Tgfbr1fl/fl 

mice{Bain, Montgomery et al, Unpublished observations} precluded use of these mice for 

studies of mϕ function. It was also impossible to target the Tgfbr1 deficiency to mϕ more 

specifically using, for example, the conditional Cx3cr1-Cre approach, as CX3CR1 itself is 

downregulated due to Tgfbr1 deficiency. However it is important to note that our studies of 

Tgfbr1 deficient mϕ used Cre– littermates on the Rag1–/– background as internal controls, 

allowing us to identify the TGFβ dependent effects precisely. Many of the genes in this 

TGFβ-dependent cassette included those that were upregulated during monocyte maturation 

in colon, but not in the dermis, consistent with tissue specific imprinting. However, part of 

this cassette was shared with microglia in the brain, which are known to rely on TGFβ for 

their differentiation 26. Given that microglia are entirely yolk sac-derived, whereas colonic 

mϕ are derived from classical monocytes, our findings corroborate recent conclusions that 

anatomical location, and not developmental origin, is the major determinant of resident mϕ 
function 16.

In addition to these changes in mature mϕ, the monocyte waterfall was also disrupted in the 

absence of Tgfbr1, with more P1 and P2 monocytes, and fewer P3+4 cells in all three 

models we investigated. Importantly, these changes were not secondary to local 

inflammation, as this was not present in any of the models. Although the BM chimera 

approaches confirmed that the effects of deleting TGFβR1 were intrinsic to CD11c+ mϕ, the 

infiltrating monocytes, which are CD11c– and express low levels of Tgfbr1, were derived 

from both Tgfbr1fl/fl and wild type sources in the mixed chimeras. Therefore, this 
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phenomenon appears to be a bystander consequence of the lack of TGFβ dependent control 

of mϕ function. The exact basis of this effect remains to be determined, but it was associated 

with enhanced expression of mRNA for the monocyte chemoattractant CCL8 by colonic mϕ. 

In parallel, the cell intrinsic deficiency of TGFβR1 in mϕ was accompanied by an expanded 

number of CD169+ mϕ, a population that has recently been shown to be involved in 

monocyte recruitment via production of CCL8 25. Thus TGFβR1 signalling may control 

how colonic mϕ regulate the rate of monocyte recruitment to the mucosa.

We initially hypothesised that the dysregulated monocyte-mϕ waterfall occurred because 

Tgfbr1–/– colonic mϕ had become unusually responsive to local pro-inflammatory stimuli. 

However these cells actually produced less TNFα than littermate controls both after 

stimulation and under resting conditions. Although these findings contrast with previous 

experiments showing that exogenous TGFβ can inhibit pro-inflammatory responses by 

human blood monocytes 19,32, such in vitro conditions may not recapitulate the in vivo 
environment. In our hands, steady state and LPS-stimulated Cre+ mϕ also produced less 

IL10 than control mϕ, although this was associated with only a rather limited disruption of 

the monocyte-mϕ continuum in vivo, consistent with recent results that signalling through 

the IL10R in mϕ is much more important for preventing inflammation than their ability to 

produce IL10 itself 28,29,31. Our microarray comparison of Tgfbr1–/– and Il10ra–/– colonic 

mϕ provided further evidence that these cytokines regulate mϕ activity by different 

mechanisms, as there was little or no overlap in the genes whose expression was altered in 

these animals. As above, it should be noted that these experiments compared gene 

expression changes in IL10R deficient mϕ from immunocompetent mice with those in 

Tgfbr1 deficient mϕ from mice on the Rag1–/– background. Therefore we cannot exclude the 

possibility that the transcriptional differences might vary if the strains were maintained on 

similar backgrounds. Together our results indicate that TGFβ and IL10 play complementary 

roles in imprinting intestinal mϕ, with TGFβ shaping their tissue repair and scavenging 

functions, whereas IL10 controls the production of pro-inflammatory mediators. That IL10 

and TGFβ may have distinct effects on controlling intestinal inflammation in vivo are 

consistent with experiments in which TGFβ inhibited γIFN production in intestinal explants 

by limiting IL12 production, whereas IL10 did this by reducing caspase-1 mediated 

generation of IL18 45.

Our discovery of TGFβ as being critical for the functional specification of intestinal mϕ adds 

to the growing list of factors that drive the differentiation of mϕ in a tissue-specific manner 

7,22,23,46–48. However TGFβ alone clearly cannot explain all aspects of intestinal mϕ 
differentiation, consistent with the evidence from other tissues that multiple factors, 

including specific cytokines and transcription factors act synergistically to imprint the full 

phenotypic and functional signature of resident mϕ 49. Interestingly, the transcription factor 

RUNX3 was highlighted in a recent study of the transcriptome and epigenome of intestinal 

mϕ 15. RUNX3 mediates TGFβ responsiveness in several cell types and TGFβR signalling 

cooperates with PU.1 in RUNX3 driven development of Langerhans cells 50–52. Other 

mediators that can influence intestinal mϕ development include CSF1 53 and Notch 54 and 

interestingly, we found that TGFβR signalling regulated the expression of genes involved in 

the Notch signaling pathway, including Hes1 and Dtx4. The retinoic acid and aryl 

hydrocarbon receptor (AhR) signalling pathways also both have abundant ligands in the 
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intestine and RA is known to regulate intestinal DC development 55, while the Ahr-

inducible regulatory gene Ahrr is part of the colonic mϕ signature we identified. 

Furthermore, microbes and their products are known to influence the behaviour 56 and 

turnover of colonic mϕ 9. Dissecting the interaction of different pathways in regulating 

intestinal macrophage development and the factors involved is an important goal for the 

future.

Materials and Methods

Mice

Wild-type (WT) C57Bl/6 (CD45.2+), C57Bl/6.SJL (CD45.1+), CD45.1+/CD45.2+, 

Cx3cr1GFP/+ 57, CD11c-Cre.Tgfbr1fl/fl mice have been described previously 58 and were 

generated by crossing Itgax-Cre mice 59 with mice carrying LoxP sites at exon 3 of the 

Tgfbr1 gene 60 and maintained on a Rag1–/– background. Ccr2–/– 61 were backcrossed onto 

the C57Bl/6.SJL (CD45.1+) background. CD11c-Cre.Rosa26-LSL-eYFP mice were 

generated by crossing Itgax-Cre mice with homozygous Rosa26-LSL-YFP mice (a gift from 

Dr. Megan Macleod, University of Glasgow). All mice had been backcrossed for at least 

nine generations onto the B6 background and were used at 6 – 12 weeks of age. Age-

matched mice were used in all experiments for all groups. Male and female mice were used 

throughout the study and all mice were bred and maintained at the Central Research Facility 

at the University of Glasgow under specified pathogen-free conditions under licence by the 

UK Home Office and approved by the University of Glasgow Local Ethical Review Panel.

Cell Isolation

Intestinal lamina propria leukocytes were isolated as described previously 62 (Cerovic, 

2013). Briefly, colons and small intestines were removed, Peyer’s patches were excised from 

small intestines, the tissues were cleared of luminal contents and opened longitudinally. 

Tissue was incubated at 37°C shaking twice for 15min in HBSS (2mM EDTA) to remove 

the epithelial layer and then digested in complete RPMI 1640 (cRPMI) (RPMI 

supplemented with 10% FCS, 2mM L-glutamine, 100U/ml penicillin, 100μg/ml 

streptomycin and 50μM 2-mercaptoethanol; all Gibco) containing 0.425mg/ml collagenase 

V (Sigma-Aldrich), 0.625mg/mL collagenase D (Roche), 1mg/ml dispase (Gibco), 30μg/ml 

DNase (Roche) for the colon or 1 mg/mL Collagenase VIII (Sigma-Aldrich) for the small 

intestine for 40min shaking at 37°C. Dermal leukocytes were isolated as described 

previously 63.

Flow cytometry and cell sorting

Following incubation with purified anti-CD16/CD32 for 10 mins at 4°C, 1–10x106 cells 

were stained at 4°C in the dark using the antibodies listed in Supplementary Table 5 and 

analyzed using an LSR II or FACSAriaI/III cytometer (BD Biosciences) and FlowJo 

software (Tree Star). 7AAD or Fixable Viability Dye eFluor510 or eFluor780 was used to 

eliminate dead cells from analysis. For microarray analysis of colonic P1-P4 subsets, cells 

were sorted according to 8. For microarray analysis of colonic mϕ from CD11c-Cre-

Tgfbr1fl/fl mice, cells were sorted using the gating strategy detailed in Supplementary Figure 

3b.
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Cell Stimulation and Cytokine Measurement In Vitro

For intracellular cytokine detection, whole colonic lamina propria isolates were incubated in 

cRPMI with monensin (Biolegend; 1:1000) and brefeldin A (Biolegend; 1:1000) with or 

without LPS (1μg/ml) for 4.5hrs in sterile capped polystyrene tubes at 37°C in 5% CO2. 

Intracellular staining for IL10 and TNFα was performed following surface staining and 

fixation and permeabilisation using the BD Cytofix/Cytoperm kit.

Generation of BM chimeras

6- to 8-week-old CD45.1+CD45.2+ WT mice were lethally irradiated with two doses of 5Gy 

with an interval of 1hr and reconstituted immediately by intravenous infusion of 5×106 BM 

cells from CD45.1+ WT mice together with BM from CD45.2+ CD11c-Cre.Tgfbr1fl/fl 

Rag1–/– (Cre+) or Tgfbr1fl/fl mice (Cre–) mice at a ratio of 1:1. In some experiments, 

recipients were reconstituted with BM from Ccr2–/– (CD45.1+) mice and CD45.2+ CD11c-

Cre.Tgfbr1fl/fl mice Rag1–/– (Cre+) or Tgfbr1fl/fl mice (Cre–) mice at a ratio of 1:1. Mice 

were left for at least 8 weeks before analysis.

Quantitation of gene expression by real-time reverse transcription PCR

Total RNA was extracted from FACS-purified colonic subsets of individual adult mice or 

BM chimeric mice using the RNeasy Micro kit (Qiagen, Crawley, UK). RNA was reverse 

transcribed to cDNA using the Superscript II First strand synthesis system (Invitrogen, 

Paisley, UK) and gene expression was assayed by quantitative reverse transcription PCR 

using Brilliant III Ultra Fast SYBR qPCR master mix (Agilent Technologies, Workingham, 

UK) on the 7500HT Fast system (Applied Biosystems, Paisley, UK). Primers) using the 

primers (Integrated DNA Technologies, Glasgow, UK) are detailed in Supplementary Table 

6. Complementary DNA samples were assayed in triplicate and gene expression levels were 

normalized to Cyclophilin A. The mean relative gene expression was calculated using the 

2-dC(t) method.

Histological Analysis

Sections of colon were fixed in 2% formaldehyde, embedded in paraffin and stained with H 

& E (Sigma) for assessment of intestinal architecture.

Microarray analysis

Microarray analysis was performed in triplicate. Cell populations from colonic cell isolates 

were sort-purified and RNA was isolated using the RNeasy Micro Kit (Qiagen).

The microarray study of mϕ populations from CD11c-Cre.Tgfbr1fl/fl mice Rag1–/– mice was 

performed in the Research Core Unit Transcriptomics of the Hannover Medical School 

using a refined version of the Whole Mouse Genome Oligo Microarray 444 K v2 (Design ID 

026655, Agilent Technologies) (026655AsQuadruplicatesOn180k’ Design ID 048306) and 

designed via Agilent’s eArray portal using a 4180 k design format for mRNA expression as 

template. All non-control probes of design ID 026655 were printed four times onto a single 

180 k Microarray. Control probes required for proper Feature Extraction software algorithms 

were determined and placed automatically by eArray using recommended default settings. 
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Total RNA (4–8 ng) was used to prepare aminoallyl-UTP-modified (aaUTP) cRNA (Amino 

Allyl MessageAmp II Kit; #AM1753; Life Technologies) as directed by the company 

(applying one round of amplification). The labelling of aaUTP-cRNA was performed by use 

of Alexa Fluor 555 Reactive Dye (#A32756; LifeTechnologies). Before the reverse 

transcription reaction, 1ml of a 1:50,000 dilution of Agilent’s ‘One-Colour spike-in Kit 

stock solution’ (#5188–5282, Agilent Technologies) was added to each total RNA sample. 

cRNA fragmentation, hybridization and washing steps were carried out as recommended in 

the ‘One-Colour Microarray-Based Gene Expression Analysis Protocol V5.7’, except that 45 

ng of each fluorescently labelled cRNA population were used for hybridization. Slides were 

scanned on the Agilent Micro Array Scanner G2565CA (pixel resolution 3mm, bit depth 

20). Data extraction was performed with the ‘Feature Extraction Software V10.7.3.1’ using 

the extraction protocol file ‘GE1_107_Sep09.xml’. Extracted raw data were imported into 

Omics software 3.2 (Qlucore) under default import settings for Agilent One-Colour mRNA 

Microarrays. Accordingly, data processing steps were: (1) removal of control measurements, 

(2) log base 2 transformation, (3) normalization of non-control values by shifting to 75 

Percentile, (4) averaging of values from on-chip replicates and (5) baseline transformation to 

the median.

The microarray study of monocyte and macrophage populations from Cx3cr1GFP/+ mice was 

performed by use of GeneChip® Mouse Gene 1.0 ST arrays (Affymetrix). Quantity, quality 

and absence of genomic DNA contamination were assessed with a Bioanalyser (Agilent). 

Biotinylated double strand cDNA targets were prepared, starting from 4.9 ng to 20 ng of 

total RNA using the NuGEN Ovation Pico WTA System V2 Kit and the NuGEN Encore 

Biotin Module Kit according to NuGEN recommendations. Following fragmentation and 

end-labeling, 2.07 μg of cDNAs were hybridized for 16 hours at 45°C on GeneChip® 

Mouse Gene 1.0 ST arrays (Affymetrix) interrogating 28.853 genes represented by 

approximately 27 probes spread across the full length of the gene. The chips were washed 

and stained in the GeneChip® Fluidics Station 450 (Affymetrix) and scanned with the 

GeneChip® Scanner 3000 7G (Affymetrix) at a resolution of 0.7 μm. Raw data (CEL 

Intensity files) were extracted from the scanned images using the Affymetrix GeneChip® 

Command Console (AGCC) version 3.2. The CEL Intensity files were further processed 

using the Omics software 3.2 (Qlucore). They were imported using the default import 

process for GeneChip® Mouse Gene 1.0 ST arrays (Affymetrix) using RMA-Sketch 

Normalisation.

Omics software 3.2 (Qlucore) was used to generate heat maps and to classify cell subsets 

according to the proximity of their gene expression pattern as assessed by hierarchical 

clustering with average linkage. Lists of genes showing differential expression between two 

different conditions were generated and the expression levels in the heatmaps are 

represented as log2 transformations.

Enrichment analyses was performed using WebGestalt 64 all the genes present on the 

GeneChip® Mouse Gene 1.0 ST array were used as a reference (N genes in the reference 

gene set B). Genes within this set that changed by at least 2-fold with a p-value lower than 

0.05 during the differentiation from P1 to P4 in the colon were defined as the gene set of 

interest (n genes in the interesting gene set A). k genes in A and K genes in B are given in a 
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specific category C. The hypergeometric test to evaluate the significance of enrichment for 

category C in gene set A is: . As multiple categories in a group 

of functional gene set categories were being compared, the p-value was adjusted using R 

function p.adjust based on Benjamini Hochberg.

The microarray data have been deposited in the Gene Expression Omnibus and will be made 

available upon publication. Public expression data from the ImmGen compendium (Heng 

and Painter, 2008) of mouse tissue macrophage subsets were retrieved from the GEO dataset 

GSE15907. The expression data from the dermal tissue were retrieved from the GEO dataset 

GSEGSE49358.

Accession Numbers

The microarray data have been deposited in the Gene Expression (GEO) database (http://

www.ncbi.nlm.nih.gov/gds) under accession numbers GSE84764 (Colonic P1 to P4 array 

data) and GSE84765 (Colonic TGFβR array data).

Statistics

Statistical analysis was performed using GraphPad Prism software. All data are presented as 

mean ± s.d. and P=0.05 are considered as significant. Statistical tests used and levels of 

significance are detailed in each figure legend. Statistical analysis of microarray data was 

performed using Omics software 3.2 (Qlucore). Student’s t-test was used to compare two 

groups, while multiple groups were compared using ANOVA or Student’s t tests with 

appropriate corrections as detailed in the legends. A P value of 0.05 was considered 

significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptomic Analysis of the Monocyte-Macrophage Differentiation Series in 
Normal Colonic Mucosa
(a) Hierarchical cluster analysis of mature colonic macrophages (CD11b+CD64+Ly6C– 

MHCII+CX3CR1hi) compared with macrophages from the lung, brain, bone marrow, spleen, 

peritoneal cavity and dermis (ANOVA; PRaw ≤0.05; PAdj ≤0.037). (b) Expression of Ly6C 

and MHCII by CD45+CD11b+CD64+ cells (upper panel) and expression of CX3CR1-GFP 

by the Ly6C– MHCII+ cells (lower panel) obtained from the colon of unmanipulated 

Cx3cr1+/GFP reporter mice. Data are representative of at least 20 independent experiments. 

(c) Global gene expression profile of Ly6C+MHCII– (P1), Ly6C+MHCII+ (P2), 

Ly6C–MHCII+CX3CR1int (P3) and Ly6C+MHCII–CX3CR1hi (P4) cells obtained from the 

colon of unmanipulated Cx3cr1+/GFP reporter mice (ANOVA; PRaw ≤0.05; PAdj ≤0.08). (d) 

Functionally-defined subsets of mRNA transcripts that are significantly downregulated 

during differentiation from the P1 to P4 stage in the colon of unmanipulated Cx3cr1+/GFP 

reporter mice. (Student’s t test; P ≤ 0.05; fold change ≥ 2.0). (e) Flow cytometric analysis of 

CCR2 and integrin β7 expression by P1-P4 subsets obtained from the colon and small 

intestine of unmanipulated Cx3cr1+/GFP reporter mice compared with the appropriate 

isotype control. Data are representative of 3-4 independent experiments. (f) Functionally-

defined subsets of mRNA transcripts that are significantly upregulated during differentiation 

from the P1 to P4 stage in the colon of unmanipulated Cx3cr1+/GFP reporter mice. (Student’s 

t test; P ≤ 0.05; fold change ≥ 2.0). (g) Subset-specific expression of genes that are 

progressively upregulated from the P1 to P4 stages and expressed at least twofold higher by 

mature colonic macrophages compared with any of the tissue resident macrophage 

populations as in a above. (Student’s t test P≤0.05, fold change ≥ 2.0). (h) Flow cytometric 

analysis of the expression of cell surface markers identified in f above by P1-P4 subsets 

obtained from the colon and small intestine of unmanipulated Cx3cr1+/GFP reporter mice 

compared with appropriate isotype controls. Data are representative of 3-4 independent 

experiments.
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Figure 2. Comparative Transcriptomic Analysis of Monocyte-Macrophage Differentiation in the 
Colonic Mucosa and Dermis
(a) Hierarchical cluster analysis of mature colonic macrophages (CD11b+CD64+Ly6C– 

MHCII+CX3CR1hi; P4) and macrophages from the lung, brain, bone marrow, spleen, 

peritoneal cavity and dermis based on the 1004 genes that show a greater than twofold 

increase in expression between P1 and P4 in the colon (Supplemental Table 1). (b) Principal 

Component Analysis (PCA) of gene expression by Ly6Chi blood monocytes, P1-P4 subsets 

from steady state colon and P1-P5 subsets from steady state dermis identified as in 

Supplementary Figure 2. Numbers in parentheses indicate the relative scaling of the 

principal variables (ANOVA; PRaw ≤0.05; PAdj ≤0.14). (c) Overlapping and differentially 

expressed genes that are significantly upregulated (upper panel) and downregulated (lower 

panel) between P1 and P4 in the colon and P1 and P5 in the dermis. (Student’s t test; P ≤ 

0.05; fold change ≥ 2.0; comparing colonic P1 vs P4 and dermal P1 vs P5 respectively). (d) 

TGFβR pathway-associated genes regulated during colonic macrophage differentiation 

identified by Gene Set Enrichment Analysis expressed by P1-P4 subsets in colon (C) and 

P1-P5 subsets in the dermis (D). (KEGG Database; PRaw =0.0031; PAdj ≤0.0107).
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Figure 3. TGFβR1 Signalling Regulates Monocyte Accumulation in the Colon
(a) Schematic representation of the CD11c-Cre. Tgfbr1fl/fl strain. (b) Representative 

expression of Ly6C and MHCII by live CD45+CD11b+CD64+ cells from the colon of 

CD11c-Cre.Tgfbr1fl/fl (Cre+) or Tgfbr1fl/fl (Cre–) littermate controls. (c) Frequency of 

Ly6C+MHCII– (P1), Ly6C+MHCII+ (P2), Ly6C–MHCII+ (P3+P4) among CD64+ cells from 

the colon of CD11c-Cre.Tgfbr1fl/fl (Cre+) or Tgfbr1fl/fl (Cre–) littermate controls. Symbols 

represent individual animals and horizontal bar is the mean of n=17 (Cre+) or 18 (Cre–) mice 

pooled from 5 independent experiments. *P<0.05 as determined by Student’s t-test. (d) 

Schematic representation of the generation of mixed WT:Cre– and WT:Cre+ BM chimeric 

mice. (e) Representative expression of Ly6C and MHCII by live CD45+CD11b+CD64+ cells 

from the colon of WT:Cre– and WT:Cre+ mixed BM chimeras. (f) Frequency of Ly6C+ 

MHCII– (P1), Ly6C+ MHCII+ (P2), Ly6C– MHCII+ (P3+P4) cells among CD64+ cells from 

the colon of WT:Cre– and WT:Cre+ BM chimeric mice. Symbols represent individual 

animals and horizontal lines are the means of 21 mice per group and are pooled from 5 

independent experiments. *P<0.05, **P<0.01, ***P<0.001 as determined by Student’s t-
test. (g) Schematic representation of the generation of mixed Ccr2–/–:Cre– and Ccr2–/–:Cre+ 

BM chimeric mice. (h) Representative expression of Ly6C and MHCII by live 

CD45+CD11b+CD64+ cells from the colon of Ccr2–/–:Cre– and Ccr2–/–:Cre+mixed BM 

chimeras. (i) Frequency of Ly6C+MHCII– (P1), Ly6C+MHCII+ (P2), Ly6C–MHCII+ 

(P3+P4) cells among CD64+ cells from the colon of Ccr2–/–:Cre– and Ccr2–/–:Cre+ mixed 
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BM chimeras. Data are from 7 (Ccr2–/–:Cre–) or 11 (Ccr2–/–:Cre+) mice per group and are 

pooled from 3-4 independent experiments. *P<0.05 as determined by Student’s t-test.
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Figure 4. TGFβR1 Dependent Signalling Shapes Colonic Macrophage Differentiation
(a) Volcano plot comparing the expression of genes that show a greater than twofold change 

in expression between P1 and P4 in the colon (Supplementary Table 1) by 

CD11b+CD64+Ly6C–MHCII+ (P3+P4) macrophages from CD11c-Cre.Tgfbr1fl/fl (Cre+) or 

Tgfbr1fl/fl (Cre–) littermate controls. Selected genes with fold change ≥ 1.5 and PRaw ≤ 0.05 

are highlighted, while genes with fold-change of <1.5 are shown in grey (see also 

Supplemental Table 2). The dashed line represents the border for PRaw ≤ 0.05. (b) 

Expression of Ccl8 by Ly6C–MHCII+ (P3+P4) cells from the colon of CD11c-Cre.Tgfbr1fl/fl 
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(Cre+) or Tgfbr1fl/fl (Cre–) littermate controls. Data are the mean normalised probe intensity 

+ 1 sd taken from the microarray analysis shown in a with 3 biological replicates per group. 

*P<0.05 as determined by Student’s t-test. (c) Frequency of CD169+ cells amongst 

Tgfbr1fl/fl-derived (CD45.2+) Ly6C–MHCII+ (P3+P4) cells from the colon of WT:Cre– and 

WT:Cre+ mixed BM chimeras. (d) Frequency of Tgfbr1fl/fl-derived CD169+ Ly6C– MHCII+ 

(P3+P4) cells presented as a ratio of their WT-derived counterparts from the same colon of 

WT:Cre– and WT:Cre+ mixed BM chimeras. Bars represent the means of 6 mice per group + 

s.d. and are pooled from 2 independent experiments. **P<0.01, ****P<0.0001 as 

determined by Student’s t-test. (e) Quantitative RT-PCR analysis of Tgfbr1, Cx3cr1 and Il10 
mRNA in CD11b+CD64+Ly6C– MHCII+ (P3+P4) colonic macrophages from the colon of 

CD11c-Cre.Tgfbr1fl/fl (Cre+) or Tgfbr1fl/fl (Cre–) littermate controls. Data are from one 

experiment with three biological replicates. *P<0.05, **P<0.01 as determined by Student’s 

t-test. (f) Flow cytometric validation of αvβ5, αv and CD9 expression by P1, P2 and P3+P4 

cells from the colon and small intestine of CD11c-Cre.Tgfbr1fl/fl (Cre+) or Tgfbr1fl/fl (Cre–) 

littermate controls (upper panels). MFI are shown for individual animals and horizontal lines 

represent the mean (lower panels). Data are from one experiment (CD9 for colon and small 

intestine, αvβ5, αv for small intestine) or pooled from two independent experiments (αvβ5, 

αv for colon) with 2-7 mice per group. **P<0.01 determined by Mann Whitney test. (g) 

Expression of TGFβR-dependent genes in a above by the P1-P4 subsets from the colon (C) 

or P1-P5 subsets from the dermis (D). The genes listed are those expressed at least twofold 

higher in colon P4 compared with dermal P5 cells. (h) Clustering analysis of tissue 

macrophage populations based on the TGFβR-dependent module as in a above. The genes 

listed are those from the highlighted cluster that show overlapping expression between 

microglia and colonic macrophages. Genes highlighted in red represent genes that have been 

reported previously as ‘microglia specific’ 24,26.
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Figure 5. TGFβ and IL10 Imprint Non-overlapping Features of Colonic Macrophages
(a) Quantitative RT-PCR analysis of Tgfbr1, Cx3cr1 and Il10 mRNA expression by 

Tgfbr1fl/fl-derived (CD45.2+) CD11b+CD64+Ly6C–MHCII+ (P3+P4) colonic macrophages 

from the colon of WT:Cre– or WT:Cre+ mixed BM chimeric mice. Data are from one 

experiment with five biological replicates. **P<0.01, ***P<0.001,****P<0.0001 as 

determined by Student’s t-test. (b) Expression of IL10 (left panel) or TNFα (right panel) by 

Tgfbr1fl/fl-derived (CD45.2+) P3/4 colonic macrophages from the colon of WT:Cre– or 

WT:Cre+ mixed BM chimeric mice assessed by intracellular cytokine staining following 4.5 

hr culture in the presence (+ LPS) or absence (–) of LPS. Symbols represent individual 

animals and the horizontal lines are the means of 6 mice per group and are pooled from 2 

independent experiments. *P<0.05, **P<0.01, ****P<0.0001 as determined by Student’s t-
test. (c) Total mRNA transcripts (upper panel) and mRNA transcripts that show a greater 

than twofold change in expression between P1 and P4 in the colon (lower panel; see also 

Supplemental Table 1) that show at least twofold difference between Il10ra+/+ and Il10ra–/– 

colonic macrophages (IL10R-dependent -28) or between Tgfbr1+/+ and Tgfbr1–/– colonic 

macrophages (TGFβR1-dependent) (Student’s t test; P ≤ 0.05; fold change ≥ 2.0). Genes 

named in the overlapping regions are impacted by both IL10R and TGFβR1 deficiency.
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