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Abstract 7 

Tissue microenvironment is a major driver in imprinting tissue-specific macrophage functions in various tis-8 

sues.  As monocytes are recruited in numbers into the gastrointestinal (GI) tract at steady state and inflam-9 

mation, they rapidly adopt a tissue-specific and distinct transcriptome. However, the GI tract varies signifi-10 

cantly along its length, yet most of the studies of intestinal macrophages do not directly compare the phe-11 

notype and function of these macrophages in the small and large intestine, thus leading to disparity in inter-12 

pretation of data between different groups. This review aims to decipher the differences along the GI tract 13 

that are likely to influence macrophage function, with a specific focus on diet and microbiota. We envisage 14 

that this analysis will fuel further investigation into the interplay of the intestinal immune system with tissue 15 

microenvironments along the GI tract, as well as provide unique therapeutic targets to modulate specific 16 

intestinal macrophage populations and/or function. 17 
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Main text 19 

Intestinal tissue microenvironment and macrophages  20 

The tissue microenvironment along the mammalian gastrointestinal (GI) tract differs between the small in-21 

testine (SI) and the colon, but also locally, along the crypt-lumen axis [1](see Figure 1). Along the length of 22 

the GI tract, the microbial load, mucus thickness, and pH increase from the SI to the colon [1]. The SI is 23 

critically important for nutrient absorption and food tolerance; It is also continuously exposed to digestive 24 

fluids such as bile, which can affect the microbiota that reside in the lower part of the mammalian SI [2], 25 

[3][]. The colon is heavily populated by the microbiota, which maintain a symbiotic relationship with the host 26 

and break down nutrients not taken up in the SI [4], [5]. Another important function of the colon is water 27 

resorption, which happens mainly in the proximal part of the colon [6]. Although the anatomical and physi-28 

ological differences along the GI tract are extensively reviewed [7], their effects on the host immune system 29 

remain largely unexplored. The intestine reacts quickly to inflammatory changes via the fast recruitment of 30 

immune cells to relevant sites. The clear differences in the microenvironment cues along the GI tract are 31 

likely to shape the localization, phenotype and function of the resident and recruited immune cells and lead 32 

to yet unappreciated cell heterogeneity along the tract. For instance, short chain fatty acids (SCFAs) (see 33 

Glossary) and bile acids (BAs), are known to modulate the microbiota composition, but also to exert distinct 34 

effects on the intestinal immune system [8]–[11]. 35 

In this review, we focus on the impact of the changing microenvironment in the GI tract on the specialization 36 

of intestinal macrophages, which represent the largest pool of tissue resident macrophages (TRM) in the 37 

human body [12], [13]. The current problem in the field is that studies of intestinal macrophages mostly do 38 

not directly compare macrophages from small and large intestine, and rarely consider differences in housing 39 

and microbiota between facilities, different dietary regiments, and mouse models of intestinal inflammation, 40 

all of which impacting macrophage phenotypes. This review aims to ratify this disparity by describing the 41 

distinct environments macrophages and monocytes fate along the GI track leading to their likely differences 42 

in phenotype and function in the SI and colon.  43 
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Distinct localization of macrophages in the GI tract 44 

Intestinal TRMs interact closely with intestinal epithelial cells (IECs), contributing to the maintenance of tis-45 

sue homeostasis and barrier function [14]. Due to their position directly underneath the epithelial cell layer, 46 

macrophages are ideally equipped to capture and eliminate any microbial intruder as well as to support 47 

barrier integrity [15], [16]. In the murine SI and colon, they form a close network with the mucosal vascula-48 

ture at steady state[17]. Despite their bactericidal activity and expression of a full range of pathogen recog-49 

nition receptors (PRRs), intestinal macrophages generally remain unresponsive [15], [18]–[21]. This feature 50 

is mainly attributed to the anti-inflammatory IL10/IL10R axis in both human and mice [20], [21]. Indeed, 51 

intestinal macrophages promote tolerance towards the microbiota and dietary antigens; they achieve this 52 

via luminal sampling and transferring antigens to migratory dendritic cells (DC) as well as by maintaining and 53 

expanding regulatory T cells [22]–[25].  54 

In most tissues, TRMs are established during embryogenesis and maintained by self-renewal. However, in 55 

the GI tract, the majority of TRMs are being replenished by recruitment of blood monocytes, caused by con-56 

tinuous low-grade inflammation [26], although populations of self-maintaining non-monocyte-derived mac-57 

rophages in the GI tract, have also been identified by comprehensive fate mapping, single cell and bulk RNA-58 

sequencing and imaging techniques [27] [28]. The proportions of those macrophages differ between SI and 59 

colon and the functional differences between long-lived and recruited macrophages remain to be elucidated. 60 

Embryonic progenitors and monocytes contribute to distinct macrophage phenotypes and function in micro-61 

anatomical niches [27]. Progenitor-derived self-maintaining macrophages support the vasculature network 62 

in the LP and regulate neuronal function and motility in the muscularis externa [27]. Monocyte-derived mac-63 

rophages mainly populate the villi and submucosa and are also able to fill the niche upon depletion of self-64 

maintaining macrophages, demonstrating the niche importance in programming the macrophage phenotype 65 

and function [27].  66 

Ly6CHi monocytes egress from the bone marrow to the blood and infiltrate the SI and colon in a CCR2-de-67 

pendent manner both at steady state and inflammation in mice [19], [29]. [30]. They play a pivotal role in 68 



4 
 

driving intestinal inflammation, e.g. treatment with a CCR2-blocking antibody (MC21) resulted in an amelio-69 

ration of dextran sulfate sodium (DSS)-induced colitis [30].  Moreover, the differentiation of monocytes into 70 

TRMs follows the so-called “monocyte waterfall” in mice, which involves the downregulation of Ly6C and 71 

subsequent upregulation of MHCII and pan-macrophage markers such as F4/80, CD64 and CX3CR1 [31]. 72 

Upon extravasation, monocytes rapidly adopt a tissue-specific gene expression profile [32]. Indeed, hierar-73 

chical clustering of histone epigenetic modifications has suggested that monocytes express similar genetic 74 

and epigenetic profiles to colonic and ileal macrophages, confirming that myeloid ontogeny [33]. Tran-75 

scriptomic analysis of colonic monocytes-macrophages at all stages of the monocyte waterfall revealed a 76 

dependency on TGFβR-signaling for macrophage differentiation in mice [34]. TGFβ and IL10 imprint distinct 77 

gene expression profiles in murine colonic macrophages, suggesting complementary roles in shaping tissue-78 

maintenance functions and non-responsiveness to TLR stimulation. [34]. Different subsets of macrophages 79 

exist in the steady state GI tract, distinct in function and localization [27], [35] (see Box 1). Moreover, within 80 

colonic macrophages two subsets have recently been identified in mice: CD11c+ macrophages are localized 81 

close to the tip of the villi and express a pro-inflammatory transcriptome, whereas CD206+ macrophages – 82 

characterized also by CD169 expression – locate close to the base of the crypt, fulfilling more tissue-resident 83 

functions [35], [36]. Flow cytometric analysis of single-cell suspensions from mucosa of duodenal-proximal 84 

jejunum (human SI) also revealed the presence of CD11c+ and CD11c- macrophages, with CD11c+ being short-85 

lived monocyte-derived cells [37]. Their numbers selectively expanded in the intestinal mucosa of celiac dis-86 

ease patients after gluten challenge [38], but also in the inflamed colon from patients with inflammatory 87 

bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC) [39],suggesting that CD11c+ 88 

monocyte-macrophages are increasingly recruited to both human SI and colon during local inflammation.  89 

The tissue microenvironment can shape macrophage identity  90 

Fate-mapping has been extensively relied on to identify lineage specificity of macrophage subsets in differ-91 

ent murine tissues [27], [40]. Using a monocyte transfer approach to fate-map the development of hemato-92 

poietic stem cell-derived monocytes in the murine SI, distinct mechanisms of recruitment and gene 93 
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expression at steady state and during sterile inflammation were unraveled [29]. For example, both the chem-94 

okine receptor CCR2 and the β7-integrin were deemed essential for monocyte recruitment to the SI under 95 

homeostatic conditions, based on competitive monocyte transfer experiments with wild type and respective 96 

knockout, but β7-integrin was dispensable in a sterile inflammatory setting [29]. Instead of differentiating 97 

gradually into TRMs, upon inflammation monocytes adopt a different transcriptomic expression pattern im-98 

mediately upon entry into the SI [29]. Moreover, comparison of the gene expression of transferred mono-99 

cytes into the murine SI to monocytes in other tissues, supported the concept that the tissue microenviron-100 

ment is crucial for monocyte to macrophage differentiation and development [29].  101 

Another recent study followed monocyte differentiation in the GI track after depletion of TRMs and retrieved 102 

the grafted SI and colon monocytes at different timepoints post transfer [32]. Specifically, bulk RNA-sequenc-103 

ing revealed that ileal and colonic monocytes clustered distinctly at day four post-transfer into donor mice. 104 

Their gene expression did not change during the time observed (up until day 12 post transfer), indicating 105 

that the majority of changes in the monocytic transcriptome occurred immediately after extravasation [32]. 106 

However, engrafted monocytes differed in their transcriptomic profile from resident macrophages, possibly 107 

due to insufficient time allowed for acquiring the full gene expression of resident cells [32]. Monocytes rap-108 

idly acquired tissue-specific characteristic transcriptomic signatures upon their entry of distinct gut seg-109 

ments, highlighting the importance of comparing functional differences of macrophages along the GI tract. 110 

Of note, the expression of various transcription factors (TFs) differs in monocytes of the SI and colon at 111 

steady state including, Klf4, Foxp1 and Trim16 for colon macrophages, and Elk3, Hoxb3 and Gata5 for SI 112 

macrophages [32] (see Figure 2). Whether these TFs orchestrate the expression of down-stream genes re-113 

mains to be elucidated. A more detailed identification of tissue-specific transcription factors in the GI tract 114 

in mice and especially humans may help us to better understand the homeostatic functions that a macro-115 

phage is performing, and ideally, also inform on how to modulate their function under inflammatory condi-116 

tions.  117 
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Functionally, the GI tract is central for nutrient digestion, partially relying on the microbiota to break down 118 

nutrients otherwise inaccessible to mammals. Nutrients taken up by diet as well as secondary metabolites 119 

and the microbiota itself might therefore have significant impact on macrophage function. This review will 120 

further focus on delineating the differences of dietary nutrients and microbiota along the GI tract as well as 121 

discuss known and possible implications on macrophage function.  122 

Diet influences macrophage function  123 

The luminal concentration of diet-derived immunomodulators depends on dietary intake but is modulated 124 

by the extent of in-lumen metabolic processing/degradation and depletion by absorption [41]. While some 125 

intestinal macrophages may be able to sample the luminal contents directly, local nutritional immunomod-126 

ulation of macrophages will generally require nutrient absorption to the lamina propria or may occur as a 127 

secondary consequence of altered epithelial cell function/signaling. Because metabolic and absorptive pro-128 

cesses, and epithelial functional responses, are spatially restricted along the gastrointestinal tract for many 129 

nutrients, local and regional nutrient bioavailability may contribute regional specialization cues for macro-130 

phages (see Figure 3).  131 

Macrophages in the Small intestine: There may be microbiota-dependent and microbiota-independent reg-132 

ulation of immune cells in the intestine[17], [42]. Due to reduced microbial density in the SI, diet-derived 133 

nutrients are likely to represent the dominant exogenous modulators of immune system structure and func-134 

tion [43], [44]. Key nutrients influencing immune homeostasis in the SI include vitamin A and aryl hydrocar-135 

bon ligands [43]. Vitamin A metabolites can have diverse effects on the intestinal immune system; They are 136 

absorbed in the SI and are present in SI tissues at high concentrations, even during dietary vitamin A defi-137 

ciency (VAD), when they are fortified by reabsorption of hepatic retinyl esters mobilized in bile in mice [45], 138 

[46]. To dissect the effect of specific metabolites on various functions of the host (immune) system, the use 139 

of specialized diets is one of the gold-standard methods in the field. In mice fed on a vitamin A rich diet, 140 

vitamin A helps to maintain SI macrophages in a quiescent state with reduced expression of pro-inflamma-141 

tory mediators, but also increased Dectin-1 expression, perhaps conferring a poised configuration with 142 
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enhanced inflammatory responses to pathogen challenge (Dectin-1 agonist) [47]. Vitamin A metabolites may 143 

be delivered to tissues in the blood stream, but several lines of evidence point to the local luminal availability 144 

of vitamin A playing an important role. Intestinal DC differentiation is compromised during most prominently 145 

in the proximal SI, but recovers with oral retinoic acid supplementation over a rapid time course further 146 

pointing to local provision [48]. This shows the non-redundant role of vitamin A as an immunomodulator in 147 

imprinting tolerogenic macrophage function in the SI. 148 

From another angle, signaling via the aryl hydrocarbon receptor (AHR) has been shown to be crucial for 149 

maintenance of homeostasis and modulation of antigen-presenting cell function in response to environmen-150 

tal cues [49], [50]. AHR ligands can be found in dietary compounds, microbial virulence factors, tryptophan 151 

metabolism as well as derivatives from the microbiota, and they are likely to be present at greater density 152 

in the upper murine SI compared to the colon based on CYP1A1, which is an enzyme regulating AHR signaling 153 

[49]. AHR recognizes both dietary components and microbiota-derived factors, and its depletion specifically 154 

in CD11c+ cells enhanced susceptibility to murine colitis, indicating a regulation of epithelial homeostasis via 155 

AHR signaling in macrophages and DCs [50]. 156 

Another study highlighted the importance of enteral nutrient provision in macrophage development in the 157 

GI track. For instance, total nutrient withdrawal from the intestinal lumen in mice (during a period of total 158 

parenteral nutrition), resulted in reduced frequency of F480+CD11b+ macrophages in the SI and reduced IL-159 

10 production by these cells relative to control mice, indicating that SI macrophages were directly regulated 160 

by dietary amino acids [44]. Moreover, this was phenocopied by provision of a protein-free diet and by treat-161 

ment with rapamycin, suggesting that luminally available amino acids can shape SI macrophage homeostasis 162 

[44], although the precise mechanism by which this is achieved are yet to be determined.  163 

Macrophages in the Colon: SCFAs are generated by the colonic microbiota via fermentation of indigestible 164 

dietary fiber and have several important impacts on macrophage function [51]. SCFAs are highest in the 165 

ascending and transverse region of the human colon, as measured in post-mortem individuals [52]. Butyrate 166 

and niacin are capable of inducing IL-10 by activating the GPR109a receptor in murine intestinal 167 
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macrophages [53]. Moreover, butyrate imprints an antimicrobial program in human intestinal macrophages 168 

via inhibition of histone deacetylase 3 (HDAC3) [11]. Low amounts of SCFA are directly associated with sev-169 

eral inflammatory diseases [51]. Murine HDAC3 has recently emerged as a critical node for integration of 170 

host/microbiota/nutrient signals since commensal metabolism of another nutrient, phytate, to produce in-171 

ositol-1,4,5-triphosphate (IP3) increases HDAC3 activity in intestinal epithelial cells [54]. whether an equiva-172 

lent impact exists on macrophage function remains to be determined. Furthermore, depletion of SCFAs dur-173 

ing antibiotic treatment leads to hyperresponsiveness of colonic macrophages resulting in a long-term in-174 

crease in inflammatory T helper 1 (Th1) cell responses and sustained dysbiosis in mice [55]. Supplementation 175 

of antibiotics with butyrate prevented antibiotic-associated immune dysfunction [55]. Interestingly, the up-176 

take of SCFAs is a defining characteristic of the long-lived Tim4+ CD4+ colonic macrophages [56]. Therefore, 177 

supplementing the diet with SCFAs might provide an elegant way to modulate macrophage function in dis-178 

ease. However, the precise mechanisms and regional differences in both human and mice need to be fully 179 

elucidated. 180 

Another major player in the GI tract are BAs, secreted by the liver as the end product of cholesterol metab-181 

olism and employed in fat digestion. Furthermore, BAs are a substrate for many bacterial enzymes, leading 182 

to the conversion of primary BAs to secondary BAs [57]. They have also been shown to have an effect on 183 

microbial growth and excessive fat consumption can lead to microbiota perturbations and pathogen up-184 

growth in mice [58]. Entero-hepatic circulation ensures that the majority of BAs are reabsorbed by ileal IECs 185 

and transported back to the liver through the portal vein – excess BAs in the colon results in diarrheal disease 186 

[59]. Investigations into the BA pool composition of IBD patients showed a reduction of the BA pool in CD 187 

but not UC patients, pointing towards a possible mediator of differences in immune cell activation along the 188 

GI tract [60]. In both CD and UC, the percentage of primary unconjugated BAs in stool and fresh bile is in-189 

creased in comparison to healthy controls, which could both be a cause or effect of inflammation and have 190 

further implications on aberrated macrophage function [60], [61].  The microorganisms responsible for BA 191 

transformations along the GI tract of mice with a defined microbiota (gnotobiotic mice) were identified, 192 
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using a combined metagenomics and metabolomics approach, and revealed  the non-redundancy of the 193 

microbiota in shaping the BA pool composition [62]. The BA composition along the GI tract was also meas-194 

ured with Liquid Chromatography-Mass Spectrometry (LC/MS) as well as connected to the location of spe-195 

cific BA transformation enzymes and their associated microorganisms, providing a useful resource to map 196 

potential functions along the GI tract [62].  197 

BAs are also are recognized directly via receptor activation by a diverse range of cells including hepatocytes, 198 

IECs, and macrophages [63]. Farnesoid receptor X (FXR) is a BA receptor that regulates homeostatic entero-199 

hepatic circulation through BA sensing in the liver and ileum [64]. Indeed, colon inflammation in human CD 200 

patients and mice has been associated with reduced expression of Fxr mRNA relative to homeostasis [65], 201 

[66]. Intestinal expression of Fxr is selectively modulated by Toll-like receptor (TLR) 9 in human monocytes 202 

and Tlr9-/- mice, connecting microbiota-sensing receptors to modulations of host immune and metabolic 203 

functions [67]. Furthermore, using Fxr-/- mice, it was shown that colon homeostasis was aberrated and pro-204 

gression to colonic inflammation was exacerbated [65]. Treatment of human macrophages in vitro with tau-205 

rolitocholic acid (TLC) in the presence of LPS, reprogrammed pro-inflammatory macrophages by repressing 206 

gene expression associated with mediation of pro-inflammatory effects, phagocytosis, pathogen interaction 207 

and recruitment of other immune cells relative to stimulation with LPS alone [68]. This, albeit conducted in 208 

vitro, shows a direct mechanistic link between BA and modulation of macrophage function in the presence 209 

of inflammatory stimuli. TLC is one of the strongest agonists for G-protein coupled BA receptor 1 (TGR5), a 210 

secondary BA receptor which is expressed on human macrophages [69], [70]. Mechanistically, different types 211 

of BAs can induce cAMP activation via TGR5 which subsequently leads to PKA-kinase activation and resulting 212 

inhibition of LPS-induced cytokine production in primary human macrophages [71]. TGR5 is more highly ex-213 

pressed in the colon and may therefore contribute to distinct macrophage function along the GI tract via BA 214 

signaling. Lack of this receptor exacerbated DSS and TNBS colitis in mice in a macrophage-dependent manner 215 

[72]. Activation of TGR5 with BAR501, a small molecule agonist, in human and murine macrophages pro-216 

motes a shift towards an IL-10 producing macrophage phenotype [72]. Deoxycholic acid, a secondary BA, 217 
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promoted polarization of intestinal macrophages to a pro-inflammatory phenotype in a dose-dependent 218 

manner in mice, showing the direct effect BAs can have on macrophage function [73]. 219 

Mice treated with a broad-spectrum antibiotic cocktail revealed a compartment-specific impact on macro-220 

phage function [56]. Colonic macrophages were metabolically more active upon antibiotic administration, in 221 

contrast to unchanged SI macrophages [56]. Given how changes in the microbiota modulate the BA pool, it 222 

would be interesting to see whether these changes are due to a difference of the BA pool in the colon. 223 

Spatial organization of microbiota and its impact on macrophages 224 

The importance of the microbiota is the intestinal homeostasis is highlighted in germ-free (GF) mice, where 225 

the colonic macrophage pool is diminished relative to specific pathogen-free (SPF) mice, possibly due to 226 

reduced monocyte recruitment [74], [75]. DCs are not decreased in GF mice and macrophage numbers can 227 

be restored upon co-housing germ-free mice with SPF mice for six weeks [36]. Specifically, the microbiota 228 

has been shown to be crucial for the development of two macrophage subsets in the colon, as two major 229 

macrophage populations (CD11c+ CD121b+ and CD206Hi CD11c-) are selectively decreased in GF mice relative 230 

to SPF mice [36]. By investigating their transcriptome on a single-cell level, effects of the microbiota on sev-231 

eral gene pathways, including metabolism, gene regulation, host defense and adaptive immunity was re-232 

vealed [36].  233 

Furthermore, the microbiota is also crucial in imprinting a pro-inflammatory signature in IL10R-deficient co-234 

lonic macrophages as determined by the impact of antibiotic treatment [76]. Using MyD88-/- mice as a 235 

model for loss of innate immune signaling revealed a shift in bacterial diversity along the GI tract and an 236 

increase in SFB in the SI , uncovering the ability of the host immune system and possibly IECs in modulating 237 

microbiota composition [77]. Additionally, a dependency for antimicrobial peptide secretion on MyD88 sig-238 

naling was revealed in the colon [77]. Macrophages have also been shown to modulate the microbiota in 239 

zebrafish via expression of complement factors, offering a potential two-way axis in modulating the host 240 

immune system, further adding to its complexity in identifying factors responsible for the localization of 241 
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macrophages [78]. Furthermore, spatial distribution of perivascular macrophages was modified in both 242 

germ-free and antibiotic-depleted mice in the SI and colon [17]. Their localization was not mediated in a 243 

MyD88/TRIF dependent manner nor was it restored upon addition of single Toll-like receptor (TLR) stimu-244 

lants, which renders the factor by which the microbiota affects the spatial distribution unknown [17].  245 

The spatial diversity of the microbiota has been described both along the length of the intestine as well as 246 

radially [79]. In fact, the GI tract harbors several distinct niches with different microenvironments for spatial 247 

localization of different microbiota members [1], [7], [80], [81]. Along the mammalian gastrointestinal tract, 248 

microbial load increases from the SI to the colon [7]. Few studies have directly investigated the diversity of 249 

the microbiota in different segments of the human gut, as it is technically challenging. A study in Iberian pigs 250 

looked at composition and diversity of microbiota in the SI (duodenum, jejunum, and ileum) as well as prox-251 

imal and distal colon [82]. The alpha diversity was significantly higher in both parts of the colon, whereas 252 

the SI also bore greater variations between animals [82]. Also in C57BL/6 mice, using a 16S rRNA sequencing 253 

approach, bacterial communities taken from the stomach, SI (duodenum, jejunum, and ileum) as well as 254 

colon and feces were compared [83]. In the murine SI, rapidly dividing and facultative anaerobes are favored 255 

as transit is fast and oxygen concentration is relatively high compared to the colon [83], [84]. Oxygen avail-256 

ability is likely to have an impact on microbiota composition [85]. Firmicutes segmented filamentous bacteria 257 

(SFB) adhere tightly to epithelial cells and Peyer’s patches (PP) in the ileum and have immunomodulatory 258 

effects in mice [86]. Macrophages isolated from PP of the murine SI lack most classic macrophage markers 259 

and IL-10 production upon stimulation in vitro [87]. Derived from the same monocyte lineage as confirmed 260 

by the use of parabiotic mice, they possess a distinct transcriptome compared to their villus counterparts, 261 

highlighting the importance of the microenvironment and potentially the microbiota in shaping macrophage 262 

phenotype and function [87].  263 

Spatial reprogramming of the microbiota may be a common function of IBD that has been underappreciated, 264 

as bacterial delocalization during experimental colitis promotes macrophage activation in genetically sus-265 

ceptible mice [88]. Given how important the microbiota is in modulating the differentiation and 266 
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development of macrophages, it seems crucial to dissect the effects along the GI tract. To this end, a number 267 

of approaches have been applied, such as single cell RNA-seq analysis at different locations along the healthy 268 

human colon in conjunction with the microbiota [89]. This study relied on mucosal swabs from the cecum, 269 

the transverse and the sigmoid colon as opposed to stool samples and revealed a preferential colonization 270 

of specific bacterial species along the length of the human colon [89]. Furthermore, by focusing on the tran-271 

scriptome of B and T cell subsets, a region-specific transcriptional and activation profile was uncovered. Us-272 

ing a bioinformatic tool “pseudospace”, they were able to recreate the migration path of T cells to respec-273 

tive areas of the colon to understand gene signatures driving migration and tissue adaption of T cells [89]. 274 

However, this study was conducted in post-mortem individuals which might have an impact on the compo-275 

sition of the microbiome.  276 

This pseudospace analysis may also be applied to other immune cell populations to decipher tissue adaption 277 

of macrophages in different locations. As it is difficult to analyze microbiota composition along the tract of 278 

living individuals and human biopsies having to undergo a bowel preparation procedure, the use of mice 279 

might be favorable to investigate regional differences in microbiota composition and immune cell functions 280 

along the gastrointestinal tract. However, the spatial distribution of microbiota in mice might not reflect the 281 

human GI tract accurately. The ability of transplanting human microbiota into GF mice offers possibilities of 282 

“screenshotting” a certain stage in time and assess the effects on the microbiome and host upon modulation. 283 

Furthermore, applying new techniques and simultaneous analysis of microbiota composition and tran-284 

scriptomic activity of immune cells along the GI tract might offer new insights in mechanisms shaping mac-285 

rophage functions and metabolic activity of the microbiota, respectively. 286 

Concluding remarks  287 

 Microenvironment is as a major driver in shaping macrophage differentiation and function in different tis-288 

sues in both human and mice. Despite it being vastly different along the GI tract, only a handful of studies 289 

have considered regional differences between SI and colon. They highlighted the differences in macrophage 290 

transcriptomes and metabolomes between SI and colon macrophages. This disparity needs to be addressed 291 



13 
 

in a systematic and comprehensive manner. Even more critical is the identification of TFs that establish a 292 

niche-specific macrophage blueprint along the GI tract (see “outstanding questions”), which so far remain 293 

largely unknown.  294 

In recent years, much focus has been on the interplay between the microbiome and the intestinal immune 295 

system. Diet is a major factor influencing microbiota composition directly and the immune system more 296 

indirectly. Deciphering the precise mechanisms by which metabolites derived from food influence different 297 

microbiota taxa, as well as how their secondary metabolites influence the intestinal immune system, are 298 

needed to identify any putative disease mediators.  for example, understanding the precise mechanisms by 299 

which BA modulate microbiota composition as well as how they act directly on intestinal cells, might be 300 

crucial to identify novel targets for therapeutic approaches in chronic intestinal diseases.  301 

Establishing a complete map of microbial-dietary-host interaction along the GI tract in homeostasis and com-302 

paring to differences in various inflammatory settings is needed to better understand the etiology of differ-303 

ent intestinal diseases and begin their compartment-specific targeting. To this end, techniques for imaging 304 

multiple microbiota members simultaneously along the GI tract will offer new insights into the physical and 305 

molecular interactions between the microbiota members as well as with the host immune system [90]. Spa-306 

tial transcriptomics or other similar unbiased approaches, like MALDI-MSI, applied to gut swiss rolls to in-307 

vestigate host gene/protein expression along the whole GI tract via, will complement and help dissecting 308 

host-microbiome interactions [91], [92]. The task is challenging, but the new unbiased -omic approaches and 309 

advanced imaging techniques will undoubtedly pave the way.  310 
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Figure legends 319 

Figure 1: Overview of changes along the gastrointestinal tract. Shown are representative micrographs 320 

showing the small intestine (left) and the colon (right) from mice. The main function of the SI is absorp-321 

tion of nutrients whereas the colon is heavily populated by microbiota breaking down nutrients that were 322 

not absorbed in the SI. These differences in function are also reflected in the structure of the SI, being com-323 

posed of villi to increase surface area for nutrient absorption. Localized above the crypts in the intestinal 324 

lumen is a thick mucosal layer which separates the host tissue from the microbiota and pathogens [93]. 325 

Oxygen, BAs, vitamin A and aryl hydrocarbon receptor ligands are decreased along the length of the GI 326 

tract whilst microbial load, mucus thickness and SCFA availability increases from SI to colon [7]. These 327 

changes contribute to different tissue microenvironments along the GI tract [94], [95]. Scalebar depicts 500 328 

µM. Below, the arrows represent the directional concentration of oxygen, SCFAs, Vitamin A, AHR ligands, 329 

mucus, bile acids and the microbial load. Abbreviations: SCFA: short-chain fatty acids, SI: small intestine 330 

Figure 2: Factors influencing the macrophage transcriptome in the murine SI and colon. The schematic 331 

depicts a comparison between macrophages in the small intestine and colon. The tissue microenvironment 332 

of a macrophage influences its tissue-specific transcriptome. In the SI, aryl hydrocarbon (AHR) ligands like 333 

dietary metabolites, microbiota derivates and tryptophan metabolites act on macrophages [47], [49]. Vita-334 

min A in its retinoic acid form can also modulate macrophage function via increasing expression of Dectin-1 335 

receptor [47]. Transcription factors (TFs) like Elk3, Hoxb3 and Gata5 were suggested to be SI-specific [32]. 336 

Secondary BAs and short-chain fatty acids (SCFAs) act on colonic macrophages via TGR5 and GPR109a, re-337 

spectively [53], [72] . The microbiota was also shown to influence macrophage function, development, and 338 

localization; however, the exact mechanisms are unknown. Klf4, Foxp1 and Trim16 are colon-specific TFs 339 

for macrophages. The combination of these factors leads to a differential gene expression reflected in the 340 



15 
 

so-called ‘chromatin landscape’ [32], [33]. Open chromatin are regions accessible to transcription factors 341 

and to genes being transcribed [33]. Inserts indicate the implications of transcription factor-mediated gene 342 

transcription in open chromatin regions. 343 

Figure 3: Diet and microbiota determining macrophage function along the mammalian GI tract. The sche-344 

matic depicts a comparison between small intestine and colon in homeostasis. In the SI, various nutrients 345 

are broken down into their metabolite building blocks by various digestive fluids. Vitamin A and AHR lig-346 

ands were shown to directly influence macrophage function by decreasing pro-inflammatory gene expres-347 

sion and by induction of metabolic clearance [47]. Primary bile acids (BAs) used for fat digestion are mainly 348 

reabsorbed in the ileum [59] . Primary BAs are converted into secondary BAs by the microbiota, which 349 

were shown to have various effects on macrophages [68], [71]–[73]. Fatty acids are also being converted 350 

into metabolically active SCFAs by the microbiota. They act on macrophages by inducing their antimicrobial 351 

program and ensuring hyporesponsiveness towards the microbiota by downregulating TLR responsiveness 352 

and induction of IL-10 production [53], [96]. The microbiota also acts directly on macrophages by regulat-353 

ing their perivascular localization and driving development of certain intestinal macrophage subsets [17]. 354 

Macrophages can also modulate microbiota composition in zebrafish [78]. Downward arrows indicate ef-355 

fects on macrophage function, upward arrows indicate potential effects of macrophages on microbiota. 356 

Abbreviations SI: small intestine, BA: bile acids, SCFA: short-chain fatty acids, TLR: Toll-like receptor, AHR: 357 

aryl-hydrocarbon receptor. Bacteria are represented as blue-green oval shapes, the epithelial cell layer is 358 

depicted as a single layer of brown cells. The mucus is shown in green, and macrophages depicted in pur-359 

ple/pink. 360 
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 Box 1: Cross-sectional macrophage localization in mice 631 

Different subsets of macrophages appear to co-exist in the intestine. CD206+ macrophages are considered 632 

anergic despite their bactericidal activity, as they do not normally elicit an inflammatory response [20]. 633 

Across the depths of the intestine, LP and muscularis mucosae macrophages show unique tissue adaptions 634 

and gene expression profiles [97]. Further research in the neuro-immune interactions revealed that muscu-635 

laris macrophages express a tissue-protective transcriptome which is imprinted by β2 adrenergic receptor 636 

signaling [97]. Two subsets of macrophages occupying distinct niches across the depths of the colonic lamina 637 

propria were identified in a recent scRNA-seq study [35]. CD206+ macrophages are localized around the base 638 

of the crypt and have an anti-inflammatory transcriptome whereas pro-inflammatory CD11c+ macrophages 639 

were localized close to the luminal surface [35]. This was confirmed in another scRNA-seq study profiling 640 

macrophages and DCs in the colon of specific pathogen-free (SPF) and germ-free (GF) mice identified CD206+ 641 
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CD169+ macrophages and CD121b+ CD11c+ macrophages to be affected by microbiota colonisation [36]. 642 

Comparing steady state and peak of inflammation in a murine colitis model revealed a TF-dependent accu-643 

mulation of pro-inflammatory CD11c+ macrophages at peak of inflammation, reinforcing the importance of 644 

TFs in mediating both function and potentially localization of macrophages. Macrophages at the base of 645 

colonic crypts were previously found to be essential for maintenance of the epithelial stem cell niche and 646 

regulation of Paneth cell function [16], [98], [99]. Following mucosal injury with DSS, these macrophages 647 

mediate influx of monocytes in a CCL8-dependent manner [99].  648 

 649 

 650 

 651 


