
Challenges to Intestinal Immune System

• Vast surface area - 400m2 (x200 skin)

• Continual antigenic challenge

 Pathogenic bacteria, viruses, parasites

 Food proteins - >30kg/year

 Commensal  bacteria - >1012/ml in

colon (>1000 species)



Regulation of Intestinal Immune Responses

• Many materials entering intestine contain 
specific antigens + PAMPs

• Large resident populations of activated/memory 
lymphocytes + innate effector cells

• Inappropriate immune responses cause IBD, 
coeliac disease

What prevents these conditions? 



The Intestinal Macrophage Niche

CD11b

CD103

MHCII

• Complex tissue with unique 
physiological functions

• Constant need for monitoring and 
adaptability

• Macrophages numerous in steady state

• Express PRR, look activated, but no 
response to eg TLR ligands

• Needed to maintain tolerance and tissue 
homeostasis

• Also important for protective immunity 
and inflammation

• How/why are the cells different in the 
intestine from elsewhere?



Unique Transcriptome of Colonic Macrophages

Schridde, Bain et al Mucosal Immunol 2017

108 genes expressed ≥ x2 in 
colon vs all other tissues



Resident Intestinal Macrophages are Derived from Local 

Differentiation of Monocytes



Monocyte-Macrophage “Waterfall” in Normal Colon
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CX3CR1hi mf are homogenous

CX3CR1int mf are heterogeneous 
and appear to represent 

transitional stages of development 
from an initial Ly6Chi monocyte

Bain et al Mucosal Immunol 2013

???

Can Ly6Chi monocytes give rise 
to all subsets in vivo?
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Classical Monocytes Generate Resident Intestinal 
Macrophages in Colon

CX3CR1+/gfp

CD45.1/CD45.2

Analysis of CCR2 KO 
recipient mice for presence 

of CD45.1/CD45.2 donor 
cells
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CD45.2
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Bain et al Mucosal Immunol 2013



Resident Intestinal Macrophages are Derived from 
Local Differentiation of Monocytes

Cell Type YS Derived
Proliferate 

in situ
Radio-

sensitive
BM Derived
in Chimeras

Exchange in 
Parabionts

CCR2 
Dependent

Ly6Chi

Monocyte
✖ ✖ ✔ ✔ ✔ ✔

Intestine ✖ ✖ ✔ ✔ ✔ ✔

Kupffer Cell ✔ ✔ ✖ ✖ ✖ ✖

Intestinal macrophages behave identically to Ly6Chi monocytes in multiple models
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Continuous Replenishment of Intestinal Macrophages

Progressive loss of intestinal macrophages in monocytopenic CCR2KO - unlike other tissues

Kupffer Cells

Bain, Bravo Blas et al Nature Immunology 2014



Local Differentiation of Colonic Macrophages

Schridde, Bain et al Mucosal Immunol 2017
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1004 genes change



Monocytes Differentiate into Anti-Inflammatory 
Macrophages in Intestine
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Monocytes Differentiate into Homeostatic 
Scavengers in Intestine

Progressive acquisition of apoptotic cell receptors, phagocytic activity and metalloproteases

Bain et al Mucosal Immunol. 2013
Schridde, Bain et al Mucosal Immunol 2017
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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 (CD1 1b+CD64+Ly6C–MHCII+CX3CR1hi) compared with macrophages from the lung, brain, bone marrow , spleen, 

peritoneal cavity and dermis (ANOVA; P
Raw

 ≤ 0.05; P
Adj

 ≤ 0.037). 

(b) Expression of Ly6C and MHCII by live 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; P
Raw

 ≤ 0.05; P
Adj

 ≤ 0.08)

(d) Functionally-defined subsets of mRNA transcripts that are significantly downregulated during dif ferentiation 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 b7 expression by P1-P4 subsets obtained from the colon 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 dif ferentiation 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 twofol d 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 of unmanipulated Cx3cr1+/GFP reporter mice 

compared with appropriate isotype controls. Data are representative of 3-4 independent experiments. 
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avb5 Integrin Expression and Function in Intestinal 
Macrophages

P1-3
Allula staining 29042015_Allula 1ug Mice.fcs

0 10
3

10
4

10
5

<APC-A>: avb5

0

20

40

60

80

100

%
 o

f M
ax

Gate %

P1-3 29.8

P2 15.5

P3 45.3

P4 10.6

αvβ5	

P1	

P2	

P3	

P4	%	
of
	M

ax
	

avb5 integrin and its ligand mediate uptake of apoptotic thymocytes by colonic 
macrophages

Kumawat et al EJI In Press



Differentiation of monocytes into resident intestinal 

macrophages is driven by local environment



Role of Local Environment In Monocyte-Macrophage 
Differentiation

Colon and dermal mf share monocyte origin
Schridde, Bain et al Mucosal Immunol 2017



Local Control of Intestinal Macrophage Development

Schridde, Bain et al Mucosal Immunol 2017
Tamoutounour Immunity 2013

Progressive 
transcriptional 

separation between 
colon and dermal 

mf as they develop 
from monocytes
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What drives local differentiation of monocytes into resident 

intestinal macrophages?



Intestinal Macrophage Development Requires Microbiota

Monocyte and macrophage numbers are reduced in germ free colon – but still present

Bain, Bravo Blas et al Nature Immunology 2014



Intestinal Macrophages in the Neonate

Mf are present in newborn colon – same phenotype and morphology as in adult
Bain, Bravo Blas et al Nature Immunology 2014

CD163 IL10Phagocytic Activity



Ontogeny of Tissue Macrophages

• Resident macrophage 

functions tailored to location

• Tissue rather than origin 

specifies behaviour

• Reflects specification early in 

development via TFs, growth 

factors

What specifies intestinal 

macrophage development?

Sall1
TGFb

RANKL

PPARg

GM-CSF

AhR
IL34

SpiC
Haem

Id3
SpiC
LXR



A Role for TGFb in Intestinal Macrophage Development?Figure 1
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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 (CD1 1b+CD64+Ly6C–MHCII+CX3CR1hi) compared with macrophages from the lung, brain, bone marrow , spleen, 

peritoneal cavity and dermis (ANOVA; P
Raw

 ≤ 0.05; P
Adj

 ≤ 0.037). 

(b) Expression of Ly6C and MHCII by live 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; P
Raw

 ≤ 0.05; P
Adj

 ≤ 0.08)

(d) Functionally-defined subsets of mRNA transcripts that are significantly downregulated during dif ferentiation 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 b7 expression by P1-P4 subsets obtained from the colon 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 dif ferentiation 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 twofol d 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 of unmanipulated Cx3cr1+/GFP reporter mice 

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

TGFb induces expression of CX3CR1 on monocytes

Schridde, Bain et al Mucosal Immunol 2017



TGFbR Signalling Defines Distinctive Differentiation of
Macrophages in Colon and Dermis

Schridde, Bain et al Mucosal Immunol 2017



TGFb Does not Drive Monocyte Recruitment to Colon

Cd11c-cre

Rag1-/-

(Caton 2007)

Conditional TGFbRI KO Mice

Tgfbr1fl/fl

Rag1-/-

(Larsson 2001)

CD11c+ cells 

lack TGFbRI
X

Schridde, Bain et al Mucosal Immunol 2017



TGFβR Signalling Regulates Colonic Macrophage
Differentiation
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TGFβR Signalling Regulates Colonic Macrophage
Differentiation
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Figure 4: TGFbR1 Deficiency Results in Defective Macrophage Differentiation in the Colonic Mucosa

(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+) mice or 

Tgfbr1fl/fl (Cre–) littermate controls. Selected genes with fold change ≥ 1.5 and P
Raw

 ≤ 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 P
Raw

≤ 0.05. 

(b) 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+) mice or Tgfbr1fl/fl (Cre–) littermate controls. Data are from one experiment with three 

biological replicates. *P<0.05, **P<0.01 as determinedby Student’ s t-test.

(c) Flow cytometric validation of avb5, av and CD9 expression by P1, P2 and P3+P4 cells from the colon of CD1 1c-Cre.Tgfbr1fl/fl (Cre+) 

mice 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) or pooled from two independent experiments ( avb5, av) with 3-7 mice per group. 

**P<0.01 determined by Mann Whitney test. 

(d) Expression of TGFbR-dependent genes in a above by the P1-P4 subsets from the colon (C) or dermis (D). The genes are those 

expressed at least twofold higher in colon P4 compared with dermal P4 cells.

(e) Clustering analysis of tissue macrophage populations based on the TGFbR-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’  (Butovsky 2013, Gautier 2012). 
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Figure 4: TGFbR1 Deficiency Results in Defective Macrophage Differentiation in the Colonic Mucosa

(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+) mice or 

Tgfbr1fl/fl (Cre–) littermate controls. Selected genes with fold change ≥ 1.5 and P
Raw

 ≤ 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 P
Raw

≤ 0.05. 

(b) 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+) mice or Tgfbr1fl/fl (Cre–) littermate controls. Data are from one experiment with three 

biological replicates. *P<0.05, **P<0.01 as determinedby Student’ s t-test.

(c) Flow cytometric validation of avb5, av and CD9 expression by P1, P2 and P3+P4 cells from the colon of CD1 1c-Cre.Tgfbr1fl/fl (Cre+) 

mice 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) or pooled from two independent experiments ( avb5, av) with 3-7 mice per group. 

**P<0.01 determined by Mann Whitney test. 

(d) Expression of TGFbR-dependent genes in a above by the P1-P4 subsets from the colon (C) or dermis (D). The genes are those 

expressed at least twofold higher in colon P4 compared with dermal P4 cells.

(e) Clustering analysis of tissue macrophage populations based on the TGFbR-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’  (Butovsky 2013, Gautier 2012). 
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Loss of TGFbR Signalling in Macrophages Disrupts 
Monocyte Waterfall

CD11c-cre+-TGFbR1 or 
CD11c-cre+-TGFbR1 

CD45.2

CD45.1+/CD45.2+

CCR2-/-

CD45.1

Conditional KO of TGFbR on Mf

TGFbRfl/fl Derived Populations

Increased numbers of monocytes and pro-inflammatory early stage 
macrophages

Ly6ChiMHCII-

P1

Ly6ChiMHCII+

P2

Ly6C-MHCII+

P3/4

Schridde, Bain et al Mucosal Immunol 2017



TGFβR Signalling in Macrophages Regulates
Intestinal Homeostasis

Increased expression of CCL8 by 
TGFbR deficient macrophages

Increased CD169+ macrophages in colon in 
absence of TGFbR signalling

Schridde, Bain et al Mucosal Immunol 2017



TGFb and IL10 Signalling Regulate Intestinal 
Macrophages by Distinct Pathways

Figure 6

a

Figure 6: TGFb 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 determinedby Student’ s t-test. 

(b) Expression of IL10 (left panel) or TNFa (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 - Zigmond 

et al. 2014) or between Tgfbr1+/+ and Tgfbr1–/– colonic macrophages (TGFbR1-dependent). Genes named 

in the overlapping regions are impacted by both IL10R and TGFbR1 deficiency.
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Figure 6: TGFb 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 determinedby Student’ s t-test. 

(b) Expression of IL10 (left panel) or TNFa (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 - Zigmond 

et al. 2014) or between Tgfbr1+/+ and Tgfbr1–/– colonic macrophages (TGFbR1-dependent). Genes named 

in the overlapping regions are impacted by both IL10R and TGFbR1 deficiency.
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Differentiation and Functions of Intestinal 
Macrophages
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Human Colonic Macrophages
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Regulation of Intestinal Macrophages by avb5 Integrin 



Steady State Intestinal Macrophages

• Resting mf partially activated - constitutive production of TNFa balanced by IL10

• Embryonically derived, self renewing mf are present early in life, but are 
overwhelmed at weaning by arrival of classical monocytes

• Continuous replenishment by CCR2 and microbiota dependent monocytes required 
throughout adult life – t1/2 ~ 6-8 weeks?

• Monocytes differentiate in situ into anti-inflammatory scavenger mf – TGFb
dependent

• Transcriptionally unique - partial activation may allow homeostatic functions

 Clearance of apopotic epithelial cells

 Production of epithelial trophic factors

 Tissue remodelling

Clearance of invading commensals

 IL10 dependent maintenance of Treg



Intestinal Macrophages

Smith et al J Immun 161: 2651 
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Upregulation of CX3CR1 Expression on Monocytes by TGFb

FACS-purify Ly6Chi

monocytes from BM

In vitro

CSF-1 +/- rhTGFb

3d Analyse expression of 

CX3CR1-GFP by flow

Bain Unpublished



Relationships of Colonic Macrophages

Colon

Dermis



Intestinal Macrophages
• Enormous pool of macrophages in 

normal mucosa

• In close contact with bacteria

• Highly dynamic tissue – constant cell 

renewal and remodelling 

• Appear activated

• Also major effectors of inflammation

• Often assumed distinct mf pools 

involved in health and inflammation

• What is nature of precursors?

• Mf functions in steady state?
Varol et al Nat Rev Immunol 10: 415 (2010)



Intestinal Mf are Derived from Conventional 
Haematopoiesis

CSF1R-icre

Pulse pregnant 
females with 
tamoxifen at 

E8.5

Tamoxifen-inducible CSF1R-reporter Mice

Rosa-eYFP

X

Irreversible 
labelling of 
CSF1R+ cells 

present at E8.5 

Yolk sac derived mf present in newborn 
intestine, but do not persist into adulthood  

Bain, Bravo Blas et al Nature Immunology 2014

Flt3-cre Rosa-LSL-eYFP

X

Irreversible 
labelling of Flt3+

cells

Intestinal mf derive from flt3 expressing 
haematopoietic precursors

Flt3 Reporter Mice



CCR2 Dependence of Steady State Intestinal Mf

WT
CD45.1

Analysis of mf populations 
8wks after reconstitution

Mixed Chimeric Mice

CD45.1+/CD45.2+

CCR2-/-

CD45.2

Colonic mf are not radio-
resistant and 

replenishment from BM is 
CCR2 dependent 

Bain, Bravo Blas et al Nature Immunology 2014

Residual Host Derived



Intestinal Mf in Parabiotic Mice

Parabiotic Mice

WT WT

Analysis after 12wks 

WT WT

CD45.1 CD45.2

Colon mf are replaced to same extent as 
blood Ly6Chi monocytes – CCR2 

dependent and unlike Kupffer cells

Bain, Bravo Blas et al Nature Immunology 2014



Monocytes Differentiate into Anti-Inflammatory 
Macrophages in Intestine
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Development of Intestinal Macrophages

Expansion of macrophage pool associated with burst of monocyte accumulation around weaning, 

with upregulation of class II MHC - ?? driven by microbiota

Total Macrophages Ly6Chi Monocytes MHCII on Mature Macrophages

Bain, Bravo Blas et al Nature Immunology 2014



TGFb Signalling in Macrophages Prevents 
Intestinal Inflammation?

Bain, Schridde et al Submitted

CD11c-cre+-TGFbR1 or 
CD11c-cre+-TGFbR1 

CD45.2

CD45.1+/CD45.2+

CCR2-/-

CD45.1

Conditional KO of TGFbR on Mf
TGFbRfl/fl Derived Populations

Increased numbers of monocytes and pro-inflammatory early stage macrophages

Increased expression of 

inflammatory chemokine 

and infiltration by T cells



Intestinal Macrophages in the Neonate

Mf are present in newborn colon – same phenotype and morphology as in adult
Bain et al Nature Immunology 2014, 24 August
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Maturation of Intestinal Macrophages

Burst of monocyte accumulation + cessation of self renewal around weaning leads to expansion of mf population

Dividing Mf

Bain et al Nature Immunology 2014

Progressive merging of F4/80hi and CD11bhi populations and acquisition of MHCII

MHCII



Monocytes Differentiate into Homeostatic 
Scavengers in Intestine
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In Situ Maturation of Monocytes into Resident 
Macrophages

Bain et al Mucosal Immunol. 2013
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Intestinal Macrophage Development



The Colonic Mf Compartment Comprises a Monocyte-Mf 
Continuum

Bain et al. Mucosal Immunol. 2013
Bain, Bravo-Blas et al. Nat. Immunol. 2014

Phagocytic

Activity
IL10 Production



Genetic Signature of Intestinal Macrophages



Monocytes Differentiate into Homeostatic 
Scavengers in Intestine

MMP2 and MMP9 closely related gelatinases
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A Role for TGFb in Intestinal Macrophage Development?

Bain, Scott et al Unpublished



Ontogeny of Intestinal Macrophages

• Proposed that tissue resident 

mf derived from embryonic 

precursors

• Intestine has distinct 

requirements

• Intestinal mf are derived 

from local differentiation of 

circulating monocytes


