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Abstract: Microfold cells (M cells) are a specialized subset of epithelial intestinal cells responsible for immunosurveillance of the 6 

gastrointestinal tract. M cells are located in the Peyer’s patches and are crucial for monitoring and the transcytosis of antigens, mi- 7 

croorganisms, and pathogens via their mature receptor GP2. A mature M cell with Gp2 receptor aids in the uptake of antigens, which 8 

are passed through the single layer of epithelium and presented to underlying antigen-presenting cells and processed further down- 9 

stream with B cells, T cells, and dendritic cells. Recent studies revealed several transcription factors and ligands responsible for the 10 

development and differentiation of mature M cells however, an exhaustive list of factors remains to be elucidated. Our recent work 11 

on the epigenetic regulation of M cell development found 12 critical transcription factors that were controlled by the polycomb 12 

recessive complex 2. Musculoaponeurotic fibrosarcoma transcription factor (Maf) was identified as a gene regulated by the polycomb 13 

repressive complex (PRC2) during the development of M cells. In this paper, we explore Maf’s critical role in M cell differentiation 14 

and maturation. Maf falls under the purview of RANKL signaling, is localized in the Peyer’s patches of the intestine, and is expressed 15 

by M cells. Given that, complete knockout of the Maf gene leads to a lethal phenotype, organoids isolated from Maf knockout mice 16 

and treated with RANKL exhibited impaired M cell development and a significant decrease in Gp2 expression. These findings reveal 17 

that Maf is an important regulator for M cell development and differentiation. 18 
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 20 

1. Introduction 21 

The mucosal lining of the gastrointestinal tract is a constant battlefront where intestinal tissues are up against microbes, 22 
viruses, antigens, and other harmful pathogens. One of the defense mechanisms it employs is the immune-inductive 23 

sites that are found in the gut-associated lymphoid tissue also known as Peyer’s patches (PP). Peyer’s patches compose 24 
of three distinct regions; a germinal center (GC), an interfollicular region abundant in T cells and the sub-epithelial 25 
dome (SED) which houses lymphoid cells such as B cells, T cells, and other antigen-presenting cells 1–3. Since the PP’s 26 

lack a lymphatic system where antigens could potentially be transported, the PP’s directly sample mucosal antigens 27 
through specialized immune epithelial cells, these cells are known as Microfold Cell (M cell) 2,4. M cells are phagocytic 28 

epithelial cells that enable the uptake and transcytosis of luminal antigens into the gut-associated lymphoid tissue 29 
(GALT), they are responsible for the rapid transport of bacterial antigens to antigen-presenting immature dendritic cells 30 
5–7. Transcytosis is achieved through their surface receptor Glycoprotein 2 (GP2) which binds to antigens and aids in 31 

uptake, a mature M cell is characterized by the presence of a functioning Gp2 8,9. M cells form a part of the adaptive 32 
immune system as they provide residence to B cells, T cells, and dendritic cells. They are uniquely different in morphol- 33 

ogy compared to neighboring epithelial cells as they are characterized by short and irregular microvilli and a lack of 34 
mucus layer to aid in transcytosis. they have pocket-shaped invagination under which B cells, T cells, macrophages, 35 
and dendritic cells are present 10–13. 36 

M cell differentiation is dependent on the stimulation of Receptor activator of nuclear factor κB ligand (RANKL) which 37 
is a member of the tumor necrosis factor (TNF) family cytokine 14,15. Cycling intestinal stem cells in the crypts that 38 

express Lgr5 and Rank receptors undergo differentiation to M cells after exposure to RANKL which is secreted by 39 
stromal cells under the follicle-associated epithelium (FAE) known as M cell inducer cells (MCi) 16. Recent studies 40 
demonstrated that Spi-B and Sox8 are transcription factors necessary for M cell development and differentiation. Spi-B 41 

null mice lacked transcytosis capacity due to the lack of M cells and demonstrated an impaired mucosal response to S. 42 
Typhimurium 15,17. Sox8 null mice gave rise to an immature phenotype of M cells without Gp2 receptor thereby indicating 43 

a loss in immune response in the PP’s of mice orally infected with S. Typhimurium18. However, Sox8 expression is active 44 
in Spi-B null mice and Spi-B is actively transcribed in Sox8 KO mouse yet both sets of mice show a lack of Gp2 receptor, 45 
impaired mucosal response and a severe lack of transcytosis capacity 18. This implies that there are additional transcrip- 46 

tion factors involved in M cell development and they remain to be characterized. 47 
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Recently, we published our work looking at the epigenetic regulation of M cell differentiation and found that the poly- 48 

comb repressive complex 2 (PRC2) regulates 12 transcription factors critical for M cell development. PRC2-regulated 49 
Estrogen related receptor gamma (Esrrg) was necessary for Sox8 expression and Gp2 expression for mature M cells 19 . 50 
Atonal BHLH Transcription Factor 8 (Atoh8), another transcription factor regulated by PRC2, negatively regulated the 51 

M cell population in the Peyer’s patches; Atoh8 null mice showed an increase in M cell population and a higher 52 
transcytosis capacity 20. Maf was another gene identified to be regulated by the PRC2 complex. Maf has been shown to 53 

be critical for the development and differentiation of various signaling mechanisms with tissues such as the cornea and 54 
lens development, mechanoreceptors involved in touch sensations, differentiation of chondrocytes 21–24. Maf has been 55 
identified as an immune regulator and a transcription factor for T helper 2 cells (Th2), additionally, it has also been 56 

found to play a key role in the differentiation and development of innate immune cell types, B lymphocytes, and T- cell 57 
subsets in Peyer’s patches 25–30. Our findings here identify Maf to be an additional regulator of M cell differentiation that 58 

is dependent on Rank-RANKL signaling. Maf expression was localized to the Peyer's patch and necessary for the ex- 59 
pression of early markers of M cell differentiation and expression of mature M cell marker Gp2. These observations 60 
indicate that Maf is a novel player essential for the differentiation and development of M cells in the follicle-associated 61 

epithelium.   62 

2. Results 63 

2.1. Maf is regulated by the PRC2 and localized in the Peyer’s patch 64 

Our recent data from the chromatin immunoprecipitation assays with sequencing (ChIP- seq) and global run-on se- 65 
quencing (GRO-seq) analysis of M cells (RANKL treated cells) and crypt/ISC (WENRC treated cells) revealed how the 66 

epigenome regulates the differentiation and development M cells in the gut19. Furthermore, PRC2-regulated Maf turned 67 
up as one of the genes highly expressed in the analysis (log2 fold change -2.66 RANKL vs WENRC (crypt/ISCs) (Fig.1A). 68 

Leveraging the Maf LacZ mouse model where the Maf gene is disrupted by positioning LacZ gene in the Maf locus, we 69 
traced the gene expression of Maf in the GALT of Maf heterozygous mice through β-galactosidase activity31. The stain- 70 
ing revealed Maf expression to be localized in the Peyer’s patch (Fig. 1B). Organoids treated with RANKL underwent 71 

immunofluorescence staining of GP2 and Maf. The confocal images revealed their expression to be localized together 72 
(Fig. 1C). 73 

 74 

Figure 1. Maf is PRC2 regulated and localized in the FAE. A) H3K27me3 occupancy at CpG islands spanning the promoter and 75 
first exon of the Maf gene in organoids treated with RANKL (M cells) and treated with Wnt3a and Chir99021 (Crypt/ISCs). 76 
Below, pre-mRNA expression of Maf in organoids treated as above (y-axis: normalized tag count, ENR500 = R-spondin 77 
500ng/ml, R100 = RANKL 100ng/ml). Original data published in George et al. 2021 CMGH 10.1016/j.jcmgh.2021.05.014 B) Sec- 78 
tions of Peyer’s Patch from Maf heterozygous mice were processed and stained with β-galactosidase staining assay to trace Maf 79 
expression in the FAE.  Bar, 100 µm C) immunofluorescence of GP2 and Maf in RANKL treated organoids, Bar, 100 µm. 80 

2.2. Maf expression is induced by RANKL stimulation and is under the Rank-RANKL signaling axis 81 

To investigate if Maf is expressed by RANKL stimulation, intestinal organoids derived from wildtype mice were cul- 82 

tured with and without RANKL treatment for 3 days. qPCR analysis of isolated RNA shows significant upregulation 83 
of Maf as well as Gp2 in organoids treated with RANKL. (Fig.2A) β-galactosidase experiments to trace Maf expression 84 

in Maf heterozygous organoids grown in RANKL conditions revealed Maf expression in cells leading to the lumen of 85 
the organoids (Fig.2B). Rank-KO mouse intestinal organoids were generated using the Lenti V2 CRISPR/Cas9 system, 86 
RANKL treatment of RANK KO did not activate Maf expression suggesting that Maf falls under the control of Rank- 87 

RANKL signaling (Fig. 2C). 88 
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  89 

Figure 2. Maf expression in M cells is dependent on Rank- RANKL signaling A) Organoids generated from wild-type mice were 90 
stimulated with 100ng of RANKL for 4 d. B) Organoids isolated from Maf heterozygous mice were processed into paraffin 91 
blocks and stained with β-galactosidase staining assay to trace Maf expression in the organoids. Arrowheads indicate Maf 92 
expressing M cells. Bar, 100 µm C) Rank KO organoids and Scrambled organoids generated by lentiCRISPR v2 were incubated 93 
with RANKL for 4 days, Maf and GP2 expression was analyzed by RT-qPCR. In (A&C) unpaired two-tailed Student's t-test was 94 
performed for three independent experiments, ***, P < 0.005; **, P < 0.01. 95 

2.3. Maf deficiency impairs M cell differentiation and other M cell-associated factors. 96 

Given that Maf is prominently expressed in Peyer’s patches, we looked to see if the abolition of Maf had any effect on 97 

the development of M cells. Complete knockout of the Maf gene produce a lethal phenotype and pups were born still- 98 
born or only survived for up to 4 hours. However, organoids were isolated from both Maf WT and Maf KO pups as 99 

soon as the mothers went into labor and cultured in media conditioned with Egf, Noggin, and R-spondin, Wnt, and 100 
Chir99021. After propagation, the organoids were grown in the presence and absence of RANKL for 3 days. Rt-qPCR 101 
analysis of the isolated RNA reveals a significant decrease in Gp2 expression; SpiB, Sox8, and Esrrg, transcription factors 102 

that are critical for functionally mature M cells showed significantly reduced expression as well (Fig.3A). Early devel- 103 
opmental markers of M cell differentiation such as MarcksL1 and Tnfaip2 showed diminished expression in the Maf 104 

knockout organoids compared to its wildtype counterparts. Immunofluorescence analysis of Gp2 in Maf WT and Maf 105 
KO depicted a lack of Gp2 expression. Our observations reveal that Maf is required for the expression of early markers 106 
as well as maturation genes associated with M cell differentiation. 107 
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 108 

Figure 3. Impaired M cell maturation in Maf KO results from epithelium intrinsic defect. A) qPCR analysis of M cell-associated 109 
genes from RNA of organoids derived from Maf WT and Maf KO mice cultured with and without RANKL for 3 d. Values are 110 
presented as the mean ± SD; ***, P < 0.005; **, P < 0.01; *, P < 0.05; unpaired two-tailed Student’s t-test, n = 3. Data are representa- 111 
tive of two independent experiments. (B) Immunostaining images for GP2 (green) on organoids. Bar, 100 µm. 112 

3. Discussion 113 

M cells are specialized intestinal epithelial cells that are a part of the adaptive immunity and on the frontlines of the gut 114 
epithelium initiating a mucosal immune response against pathogenic bacteria. These epithelial cells partake in gut im- 115 

munity by transcytosis of pathogens and commensal bacteria via the receptor Gp2. Recent research into M cells has 116 
revealed critical transcription factors such as Spi-B, Sox8, Esrrg, and Atoh8 and various other ligands like membrane- 117 
bound RANKL from lymphoid cells and S100A4 from Dock8 cells essential for M cell development. 14,17–19,32–34 However, 118 

complete elucidation of the differentiation and development of M cells remains to be understood. Recently we explored 119 
the epigenetic regulation of M cells and the analysis revealed several PRC2-regulated transcription factors controlling 120 

M cell development and differentiation (6 silenced and 6 upregulated). Maf was found upregulated in the list of genes 121 
identified19. From this study, we describe that M cells in the FAE express Maf and are under the overview of RANKL 122 
signaling and critical for the maturation of functional M cells. 123 

Maf (musculoaponeurotic fibrosarcoma) gene encodes for the transcription factor Maf (c-Maf). The Maf transcription 124 
family comprises of 7 members divided into 2 subclasses based on their size; large Maf proteins include MAFA/L-MAF, 125 

MAFB, MAF/c-Maf, and NLR (neural retina leucine zipper), and the small Maf proteins, MAFK, MAFG, and MAFF. 126 
The small Maf proteins are also distinct by the lack of amino-terminal transactivation domain. The Maf family is highly 127 
conserved and has a unique leucine zipper structure (bZIP). In the pancreas, c-Maf regulates glucagon hormone pro- 128 

duction and in the liver, it is critical for erythropoiesis35–37. Maf also plays a role as an immune regulator and a transcrip- 129 
tion factor necessary for T helper 2 cells (Th2), additionally, it has also been found to play a key role in the differentiation 130 

and development of innate immune cell types, B lymphocytes, and T- cell subsets 25–28. In line with Maf being a major 131 
contributor to cellular, signaling, and physiological process, Maf knockout mice with C57BL/6 background are lethal 132 
embryonically or perinatally 21,22,36. They are often born stillborn or only live up to 4 hours. Maf KO with BALB/c back- 133 

ground lives to adulthood. 134 
Our work here characterizes the role of Maf in M cell differentiation and development. X-gal assay of Maf-LacZ heter- 135 

ozygous mice show Maf expression in the Peyer’s patch of the follicle-associated epithelium and organoids isolated 136 
from the Maf heterozygous mice showed that Maf was expression was inducible upon RANKL stimulation. Maf tracing 137 
via X-gal assay showed Maf expressing cells away from the crypt and closer towards the lumen in organoids treated 138 

with RANKL. As expected, pups with complete knockdown of Maf were stillborn or only lived 2-4 hours after birth but 139 
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intestinal crypts isolated and cultured in RANKL were able to provide insights into Maf’s critical role in M cells devel- 140 

opment. Maf deficit organoids showed a significant decrease in the maturation of M cells as Gp2 expression was signif- 141 
icantly reduced indicating impaired and immature M cells. Lack of Gp2 expression in M cells have been shown to result 142 
in attenuation of antigen sampling and transcytosis and increased rates of infection to S. typhimurium. Since this conclu- 143 

sion of impaired M cell development was reached using epithelial organoids, it can also be assumed that loss of Gp2 in 144 
Maf KO organoids is an epithelium-intrinsic defect. Key transcription factors required for M cell maturation such as 145 

Spi-B, Sox8, and Esrrg showed absent or reduced activation without Maf. Early developmental markers of M cells such 146 
as MarcksL1 and Tnfaip2 were also affected and showed reduced activation. In line with key transcription factors and 147 
early developmental factors showing absent or reduced expression, it is reasonable to conclude that Maf is a critical 148 

factor for M cell differentiation. In ocular lens differentiation and osteogenic differentiation Maf expression is regulated 149 
by BMP signaling 38,39. Atoh8, a transcription factor critical for maintaining the density of the M cell population was also 150 

found to be under the regulation of BMP signaling 32. It is possible that RANKL induced BMP signaling could be re- 151 
sponsible for regulating the expression of Maf in M cells. However, further experiments with Maf KO in mice with 152 
BALB/c background are required to understand the physiological significance of Maf KO in-vivo. 153 

 154 

In conclusion, PRC2 regulated Maf has major implications in M cell maturation and mucosal immunity. The transcrip- 155 
tion factor is necessary for M cell development and lack of Maf could lead to attenuation of transcytosis of antigens and 156 

commensal bacteria. Reduced transcytosis has been shown to lead to an impaired immune response to pilli-expressing 157 
pathogenic bacteria such as E.coli and S. typhimurium40. 158 

4. Materials and Methods 159 

4.1. Mice 160 

All animal experiments were approved by the Finnish National Animal Experiment Board (Permit: ESAVI/5824/2018). 161 

Maf lacZ mice were caged in standard light-dark conditions at the pathogen-free animal facility of the faculty of Medi- 162 
cine and Health Technology. Food, water ad libitum was followed in a regularly timed schedule. B6.129-Maftm1Gsb/J 163 

heterozygous mice were purchased from Jackson laboratories (Cat number: 004158 | MaflacZ). To generate Maf wildtype 164 
line, heterozygous line, and homozygous line, B6.129-Maftm1Gsb/J heterozygous were mated with, B6.129- 165 
Maftm1Gsb/J heterozygous, F1 generation was backcrossed with heterozygous mice. Littermates with Maf wildtype 166 

were used as control. Maf genotypes were confirmed by qPCR. 167 

4.2.β-. galactosidase staining of Peyer’s patches and organoids 168 

Ileal PP’s were isolated from the ileal section of the small intestine and transferred to a 10cm dish with 30ml of cold PBS. 169 

Excess fat was cut from the tissues and embedded into paraffin blocks. Organoids grown in RANKL was washed with 170 
PBS and made into paraffin blocks. The blocks were cut at 10um sections and mounted on a slide. X-gal (5-Bromo-4- 171 
chloro-3-indoxyl-beta-D-galactopyranoside, Goldbio) was dissolved in dimethylformamide at 50 mg/ml. Paraffin 172 

blocks were fixed with 4% PFA for 10 minutes. The slides were washed 3 times with 3 changes of PBS for 5 minutes 173 
wash and the final rinse in distilled water. After drying the slides were incubated in X-gal working solution at 37 C for 174 

24 hours in a chamber with adequate moisture content. The sections were washed in PBS solution 2 times for 5 minutes 175 
each. After rinsing with distilled water, the sections were counter-stained with nuclear fast red for 3-5 minutes followed 176 
by further rinsing and washing in distilled water for 2 minutes. The sections were finally dehydrated for 3 minutes each 177 

in 70%, 95%, and twice with 100% ethanol and thrice with xylene. The sections were mounted Permount and covered 178 
with a coverslip and examined by digital slide scanner Hamamatsu Nanozoomer. 179 

4.3. Mouse Intestinal Organoid culture 180 

Mouse intestinal crypts were isolated and cultured in an in vitro setting as previously described 15,41 Crypts were isolated 181 
as soon as the stillborn pups were delivered. Isolated duodenums were washed in PBS and longitudinally cut. Villi 182 
were gently scraped with a glass slide. Following washes with PBS, the tissue was cut into 2mm pieces and pipetted up 183 

and down with a 10 ml pipette. After repeated changes of the PBS till the suspension was clear, the tissues were sus- 184 
pended in 10mM EDTA in PBS for 20 minutes rocking at room temperature. The crypts were separated from the rest of 185 

the tissues using a 70-μm cell strainer (Fisher Scientific). The crypts were counted and cultured on a 24 well plate by 186 
embedding them in 30ul of cold Matrigel (Corning). Organoids were cultured in an optimal medium consisting of ad- 187 
vanced DMEM/F12 (Thermo Fisher Scientific) that contained HEPES (10mM, Sigma-Aldrich), Glutamax (2mM, Thermo 188 

Fisher Scientific), Penicillin-streptomycin (100U/ml, Sigma-Aldrich), B-27 supplement minus Vitamin A (Thermo Fisher 189 
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Scientific), N-2 supplement (Thermo Fisher Scientific), N-acetylcysteine (1 mM; Sigma-Aldrich), recombinant murine 190 

EGF (50 ng/ml; Thermo Fisher Scientific), recombinant murine Noggin (100 ng/mL; PeproTech), recombinant mouse R- 191 
spondin1 (1 μg/mL; R&D Systems). Media were changed every 2 days. For M cell differentiation, recombinant mouse 192 
RANKL (100ng/ml, Peprotech) was added to the media and incubated for 4 days.  193 

4.4. CRISPR–Cas9 gene knockout of intestinal organoids 194 

Guide RNAs for gene encoding RANK were designed using CRISPR design tool (http://crispr.mit.edu)42. These were 195 
cloned into the vector lentiCRISPR v2 (Addgene, 52961). The cloned product was transfected into HEK 293FT cells 196 

(ThermoFisher R7007). The supernatant was collected after 48 h and the Lenti-X concentrator (Clontech) was added to 197 
the suspension. The 293FT cell line was tested for mycoplasma. Intestinal organoids were cultured in ENCY (EGF, 198 
Noggin, Chir-99021, and Y-27632) prior to transduction. After the organoids were dissociated into single cells using 199 

TrypLE Express (Thermo Fisher Scientific) and supplemented with 1,000 U/ml DnaseI at 32 °C for 5 mins, the cells were 200 
washed once with Advanced DMEM and resuspended in a transduction medium (ENR media supplemented with 1mM 201 

nicotinamide, Y-27632, Chir99021, 8 μg/ml polybrene (Sigma-Aldrich)) and mixed with the previously collected con- 202 
centrated virus. The mixture was centrifuged at 600 x g 32 °C for 1 hr followed by 3 hr incubation at 37°C, after which 203 
they were collected and plated on 60% Matrigel with enriched transduction medium without polybrene. On day 2 and 204 

day 4, RANK transduced organoids were selected with 2 μg/ml of puromycin (Sigma-Aldrich). Surviving clones were 205 
expanded in cultured with ENR medium. RANK KO organoids were confirmed by western blot to validate the expres- 206 

sion of deleted gene. 207 

4.5. Immunofluorescence of Organoids 208 

Maf WT and Maf KO Intestinal crypt organoids were analyzed by whole-mount immunostaining. The organoids were 209 
cultured for 4 hours in an 8-well chamber plate in the presence and absence of RANKL 100ng/ml following fixation 210 

with 4% PFA for 15 minutes, followed by permeabilization with 0.1% Triton X-100 for another 15 minutes. The organ- 211 
oids were stained with Gp2 (MBL, D278-3) antibodies overnight at +4 degrees Celsius. This was followed by 2-hour 212 
incubation of anti-Rabbit secondary for Gp2 (and Anti-Rat for the secondary antibody. Gp2 expressing cells were ana- 213 

lyzed by Nikon A1R+ Laser Scanning Confocal Microscope after mounting with ProLong Diamond with Dapi mounting 214 
solution (Molecular Probes P36962). 215 
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References 229 

(1)  Cerutti, A. The Regulation of IgA Class Switching. Nature Reviews Immunology. Nat Rev Immunol June 2008, pp 421–434. 230 
https://doi.org/10.1038/nri2322. 231 
(2)  Mabbott, N. A.; Donaldson, D. S.; Ohno, H.; Williams, I. R.; Mahajan, A. Microfold (M) Cells: Important Immunosurveillance 232 
Posts in the Intestinal Epithelium. Mucosal Immunology. Nature Publishing Group July 22, 2013, pp 666–677. 233 
https://doi.org/10.1038/mi.2013.30. 234 
(3)  Pabst, O. New Concepts in the Generation and Functions of IgA. Nature Reviews Immunology. Nature Publishing Group 235 
December 29, 2012, pp 821–832. https://doi.org/10.1038/nri3322. 236 
(4)  Owen, R. L. Uptake and Transport of Intestinal Macromolecules and Microorganisms by M Cells in Peyer’s Patches: A Personal 237 
and Historical Perspective. Semin. Immunol. 1999, 11 (3), 157–163. https://doi.org/10.1006/smim.1999.0171. 238 
(5)  Neutra, M. R.; Frey, A.; Kraehenbuhl, J. P. Epithelial M Cells: Gateways for Mucosal Infection and Immunization. Cell. Cell 239 
Press August 9, 1996, pp 345–348. https://doi.org/10.1016/S0092-8674(00)80106-3. 240 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://www.sciencedirect.com/science/article/pii/S2352345X20301168?via%3Dihub#gs1
https://www.sciencedirect.com/science/article/pii/S2352345X20301168?via%3Dihub#gs2
https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/


 

(6)  Kraehenbuhl, J. P.; Neutra, M. R. Epithelial M Cells: Differentiation and Function. Annual Review of Cell and Developmental 241 
Biology.  Annual Reviews  4139 El Camino Way, P.O. Box 10139, Palo Alto, CA 94303-0139, USA   November 28, 2000, pp 301– 242 
332. https://doi.org/10.1146/annurev.cellbio.16.1.301. 243 
(7)  Rios, D.; Wood, M. B.; Li, J.; Chassaing, B.; Gewirtz, A. T.; Williams, I. R. Antigen Sampling by Intestinal M Cells Is the Principal 244 
Pathway Initiating Mucosal IgA Production to Commensal Enteric Bacteria. Mucosal Immunol. 2016, 9 (4), 907–916. 245 
https://doi.org/10.1038/mi.2015.121. 246 
(8)  Hase, K.; Kawano, K.; Nochi, T.; Pontes, G. S.; Fukuda, S.; Ebisawa, M.; Kadokura, K.; Tobe, T.; Fujimura, Y.; Kawano, S.; 247 
Yabashi, A.; Waguri, S.; Nakato, G.; Kimura, S.; Murakami, T.; Iimura, M.; Hamura, K.; Fukuoka, S. I.; Lowe, A. W.; Itoh, K.; Kiyono, 248 
H.; Ohno, H. Uptake through Glycoprotein 2 of FimH + Bacteria by M Cells Initiates Mucosal Immune Response. Nature 2009, 462 249 
(7270), 226–230. https://doi.org/10.1038/nature08529. 250 
(9)  Terahara, K.; Yoshida, M.; Igarashi, O.; Nochi, T.; Pontes, G. S.; Hase, K.; Ohno, H.; Kurokawa, S.; Mejima, M.; Takayama, N.; 251 
Yuki, Y.; Lowe, A. W.; Kiyono, H. Comprehensive Gene Expression Profiling of Peyer’s Patch M Cells, Villous M-Like Cells, and 252 
Intestinal Epithelial Cells. J. Immunol. 2008, 180 (12), 7840–7846. https://doi.org/10.4049/jimmunol.180.12.7840. 253 
(10)  Vĕtvicka, V. Membrane and functional characterization of lymphoid and macrophage populations of Peyer’s patches from 254 
adult and aged mice - PubMed https://pubmed.ncbi.nlm.nih.gov/3477526/ (accessed Feb 22, 2021). 255 
(11)  Iwasaki, A.; Kelsall, B. L. Freshly Isolated Peyer’s Patch, but Not Spleen, Dendritic Cells Produce Interleukin 10 and Induce 256 
the Differentiation of T Helper Type 2 Cells. J. Exp. Med. 1999, 190 (2), 229–239. https://doi.org/10.1084/jem.190.2.229. 257 
(12)  Reynolds, J. D. Peyer’s Patches and the Early Development of B Lymphocytes. Curr. Top. Microbiol. Immunol. 1987, 135, 43–56. 258 
https://doi.org/10.1007/978-3-642-71851-9_3. 259 
(13)  Kelsall, B. L.; Strober, W. Distinct Populations of Dendritic Cells Are Present in the Subepithelial Dome and T Cell Regions of 260 
the Murine Peyer’s Patch. J. Exp. Med. 1996, 183 (1), 237–247. https://doi.org/10.1084/jem.183.1.237. 261 
(14)  Knoop, K. A.; Kumar, N.; Butler, B. R.; Sakthivel, S. K.; Taylor, R. T.; Nochi, T.; Akiba, H.; Yagita, H.; Kiyono, H.; Williams, I. 262 
R. RANKL Is Necessary and Sufficient to Initiate Development of Antigen-Sampling M Cells in the Intestinal Epithelium. J. Immunol. 263 
2009, 183 (9), 5738–5747. https://doi.org/10.4049/jimmunol.0901563. 264 
(15)  de Lau, W.; Kujala, P.; Schneeberger, K.; Middendorp, S.; Li, V. S. W.; Barker, N.; Martens, A.; Hofhuis, F.; DeKoter, R. P.; 265 
Peters, P. J.; Nieuwenhuis, E.; Clevers, H. Peyer’s Patch M Cells Derived from Lgr5+ Stem Cells Require SpiB and Are Induced by 266 
RankL in Cultured ‘Miniguts’. Mol. Cell. Biol. 2012, 32 (18), 3639–3647. https://doi.org/10.1128/mcb.00434-12. 267 
(16)  Nagashima, K.; Sawa, S.; Nitta, T.; Tsutsumi, M.; Okamura, T.; Penninger, J. M.; Nakashima, T.; Takayanagi, H. Identification 268 
of Subepithelial Mesenchymal Cells That Induce IgA and Diversify Gut Microbiota. Nat. Immunol. 2017, 18 (6), 675–682. 269 
https://doi.org/10.1038/ni.3732. 270 
(17)  Kanaya, T.; Hase, K.; Takahashi, D.; Fukuda, S.; Hoshino, K.; Sasaki, I.; Hemmi, H.; Knoop, K. A.; Kumar, N.; Sato, M.; Katsuno, 271 
T.; Yokosuka, O.; Toyooka, K.; Nakai, K.; Sakamoto, A.; Kitahara, Y.; Jinnohara, T.; Mcsorley, S. J.; Kaisho, T.; Williams, I. R.; Ohno, 272 
H. The Ets Transcription Factor Spi-B Is Essential for the Differentiation of Intestinal Microfold Cells. Nat. Immunol. 2012, 13 (8), 729– 273 
736. https://doi.org/10.1038/ni.2352. 274 
(18)  Kimura, S.; Kobayashi, N.; Nakamura, Y.; Kanaya, T.; Takahashi, D.; Fujiki, R.; Mutoh, M.; Obata, Y.; Iwanaga, T.; Nakagawa, 275 
T.; Kato, N.; Sato, S.; Kaisho, T.; Ohno, H.; Hase, K. Sox8 Is Essential for M Cell Maturation to Accelerate IgA Response at the Early 276 
Stage after Weaning in Mice. 2019. https://doi.org/10.1084/jem.20181604. 277 
(19)  George, J. J.; Oittinen, M.; Martin-Diaz, L.; Zapilko, V.; Iqbal, S.; Rintakangas, T.; Arrojo Martins, F. T.; Niskanen, H.; Katajisto, 278 
P.; Kaikkonen, M.; Viiri, K. Polycomb Repressive Complex 2 Regulates Genes Necessary for Intestinal Microfold Cell (M Cell) 279 
Development. Cell. Mol. Gastroenterol. Hepatol. 2021, 0 (0). https://doi.org/10.1016/j.jcmgh.2021.05.014. 280 
(20)  George, J. J.; Martin-Diaz, L.; Ojanen, M. J. T.; Gasa, R.; Pesu, M.; Viiri, K. PRC2 Regulated Atoh8 Is a Regulator of Intestinal 281 
Microfold Cell (M Cell) Differentiation. Int. J. Mol. Sci. 2021, Vol. 22, Page 9355 2021, 22 (17), 9355. https://doi.org/10.3390/IJMS22179355. 282 
(21)  Kawauchi, S.; Takahashi, S.; Nakajima, O.; … H. O.-J. of B.; 1999,  undefined. Regulation of Lens Fiber Cell Differentiation by 283 
Transcription Factor C-Maf. Elsevier. 284 
(22)  Kim, J. I.; Li, T.; Ho, I.-C.; Grusby, M. J.; Glimcher, L. H. Requirement for the C-Maf Transcription Factor in Crystallin Gene 285 
Regulation and Lens Development; 1999; Vol. 96. 286 
(23)  Wende, H.; Lechner, S. G.; Birchmeier, C. The Transcription Factor C-Maf in Sensory Neuron Development PoiNT-of-View. 287 
www.landesbioscience.com Transcr. 2012, 285 (6), 285–289. https://doi.org/10.4161/trns.21809. 288 
(24)  Wende, H.; Lechner, S. G.; Cheret, C.; Bourane, S.; Kolanczyk, M. E.; Pattyn, A.; Reuter, K.; Munier, F. L.; Carroll, P.; Lewin, G. 289 
R.; Birchmeier, C. The Transcription Factor C-Maf Controls Touch Receptor Development and Function. 290 
(25)  Parker, M.; Barrera, A.; … J. W.-T. J. of; 2020,  undefined. C-Maf Regulates the Plasticity of Group 3 Innate Lymphoid Cells 291 
by Restraining the Type 1 Program. rupress.org. 292 
(26)  Pokrovskii, M.; Hall, J.; Ochayon, D.; Immunity, R. Y.-; 2019,  undefined. Characterization of Transcriptional Regulatory 293 
Networks That Promote and Restrict Identities and Functions of Intestinal Innate Lymphoid Cells. Elsevier. 294 
(27)  Zuberbuehler, M.; Parker, M.; … J. W.-N.; 2019,  undefined. The Transcription Factor C-Maf Is Essential for the Commitment 295 
of IL-17-Producing Γδ T Cells. nature.com. 296 
(28)  Liu, M.; Zhao, | Xiaoqi; Ma, Y.; Zhou, Y.; Deng, M.; Ma, Y. Transcription Factor C-Maf Is Essential for IL-10 Gene Expression 297 
in B Cells. Wiley Online Libr. 2018, 88 (3). https://doi.org/10.1111/sji.12701. 298 
(29)  Jones, L.; Ho, W. Q.; Ying, S.; Ramakrishna, L.; Srinivasan, K. G.; Yurieva, M.; Ng, W. P.; Subramaniam, S.; Hamadee, N. H.; 299 
Joseph, S.; Dolpady, J.; Atarashi, K.; Honda, K.; Zolezzi, F.; Poidinger, M.; Lafaille, J. J.; Curotto de Lafaille, M. A. A Subpopulation 300 
of High IL-21-Producing CD4+ T Cells in Peyer’s Patches Is Induced by the Microbiota and Regulates Germinal Centers. Sci. Reports 301 
2016 61 2016, 6 (1), 1–17. https://doi.org/10.1038/srep30784. 302 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/


 

(30)  Georgiev, H.; Ravens, I.; Papadogianni, G.; Halle, S.; Malissen, B.; Loots, G. G.; Förster, R.; Bernhardt, G. Shared and Unique 303 
Features Distinguishing Follicular T Helper and Regulatory Cells of Peripheral Lymph Node and Peyer’s Patches. Front. Immunol. 304 
2018, 9 (APR). https://doi.org/10.3389/FIMMU.2018.00714. 305 
(31)  Ring, B. Z.; Cordes, S. P.; Overbeek, P. A.; Barsh, G. S. Regulation of Mouse Lens Fiber Cell Development and Differentiation 306 
by the Maf Gene. Development 2000, 127 (2), 307–317. https://doi.org/10.1242/DEV.127.2.307. 307 
(32)  George, J. J.; Martin-Diaz, L.; Ojanen, M.; Viiri, K. Atoh8 Is a Regulator of Intestinal Microfold Cell (M Cell) Differentiation. 308 
https://doi.org/10.1101/2021.05.10.443378. 309 
(33)  Kanaya, T.; Sakakibara, S.; Jinnohara, T.; Hachisuka, M.; Tachibana, N.; Hidano, S.; Kobayashi, T.; Kimura, S.; Iwanaga, T.; 310 
Nakagawa, T.; Katsuno, T.; Kato, N.; Akiyama, T.; Sato, T.; Williams, I. R.; Ohno, H. Development of Intestinal M Cells and Follicle- 311 
Associated Epithelium Is Regulated by TRAF6-Mediated NF-ΚB Signaling. J. Exp. Med. 2018, 215 (2), 501–519. 312 
https://doi.org/10.1084/jem.20160659. 313 
(34)  Kunimura, K.; Sakata, D.; Tun, X.; Uruno, T.; Ushijima, M.; Katakai, T.; Shiraishi, A.; Aihara, R.; Kamikaseda, Y.; Matsubara, 314 
K.; Kanegane, H.; Sawa, S.; Eberl, G.; Ohga, S.; Yoshikai, Y.; Fukui, Y. S100A4 Protein Is Essential for the Development of Mature 315 
Microfold Cells in Peyer’s Patches. Cell Rep. 2019, 29 (9), 2823-2834.e7. https://doi.org/10.1016/j.celrep.2019.10.091. 316 
(35)  Imaki, J.; Tsuchiya, K.; Mishima, T.; … H. O.-B. and; 2004,  undefined. Developmental Contribution of C-Maf in the Kidney: 317 
Distribution and Developmental Study of c-Maf MRNA in Normal Mice Kidney and Histological Study of c-Maf. Elsevier. 318 
(36)  Kusakabe, M.; Hasegawa, K.; Blood, M. H.-; Journal, T.; 2011,  undefined. C-Maf Plays a Crucial Role for the Definitive 319 
Erythropoiesis That Accompanies Erythroblastic Island Formation in the Fetal Liver. ashpublications.org. 320 
(37)  Kataoka, K.; Shioda, S.; … K. A.-J. of; 2004,  undefined. Differentially Expressed Maf Family Transcription Factors, c-Maf and 321 
MafA, Activate Glucagon and Insulin Gene Expression in Pancreatic Islet Alpha-and Beta-Cells. jme.bioscientifica.com. 322 
(38)  Zhu, B.; Xue, F.; Zhang, C.; Li, G. LMCD1 Promotes Osteogenic Differentiation of Human Bone Marrow Stem Cells by 323 
Regulating BMP Signaling. Cell Death Dis. 2019, 10 (9), 1–11. https://doi.org/10.1038/s41419-019-1876-7. 324 
(39)  Xie, Q.; McGreal, R.; Harris, R.; Gao, C. Y.; Liu, W.; Reneker, L. W.; Musil, L. S.; Cvekl, A. Regulation of C-Maf and ΑA- 325 
Crystallin in Ocular Lens by Fibroblast Growth Factor Signaling. J. Biol. Chem. 2016, 291 (8), 3947–3958. 326 
https://doi.org/10.1074/jbc.M115.705103. 327 
(40)  K, H.; K, K.; T, N.; GS, P.; S, F.; M, E.; K, K.; T, T.; Y, F.; S, K.; A, Y.; S, W.; G, N.; S, K.; T, M.; M, I.; K, H.; S, F.; AW, L.; K, I.; H, 328 
K.; H, O. Uptake through Glycoprotein 2 of FimH(+) Bacteria by M Cells Initiates Mucosal Immune Response. Nature 2009, 462 (7270), 329 
226–230. https://doi.org/10.1038/NATURE08529. 330 
(41)  Sato, T.; Clevers, H. Growing Self-Organizing Mini-Guts from a Single Intestinal Stem Cell: Mechanism and Applications. 331 
Science. American Association for the Advancement of Science June 7, 2013, pp 1190–1194. https://doi.org/10.1126/science.1234852. 332 
(42)  Shalem, O.; Sanjana, N. E.; Hartenian, E.; Shi, X.; Scott, D. A.; Mikkelsen, T. S.; Heckl, D.; Ebert, B. L.; Root, D. E.; Doench, J. G.; 333 
Zhang, F. Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells. Science (80-. ). 2014, 343 (6166), 84–87. 334 
https://doi.org/10.1126/science.1247005. 335 
 336 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/


A B C Maf GP2 DAPI

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/


EN
R
50

0

EN
R
50

0 
+ R

10
0

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

Maf

R
e

la
ti

v
e

 e
x
p

re
s
s
io

n
 t

o
 G

a
p

d
h

A B
Maf WT Maf WT + RankL

EN
R
50

0

EN
R
50

0 
+ R

10
0

0.00

0.02

0.04

0.06

Gp2

R
e

la
ti

v
e

 e
x
p

re
s
s
io

n
 t

o
 G

a
p

d
h

✱✱✱

Scr

R
an

k 
K
O

Scr
 +

 R
10

0

R
an

k 
K
O

 +
 R

10
0

0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

Maf

R
e

la
ti

v
e

 e
x
p

re
s
s
io

n
 t

o
 G

a
p

d
h ✱✱✱

Scr

Ran
k K

O

Scr
+R10

0

Ran
k K

O +
 R

10
0

0.000

0.005

0.010

0.015

Gp2

✱✱✱

C

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/


M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
aF

 K
O

 +
 R

10
0

0.000

0.005

0.010

0.015

0.020

0.025

Spi-B
✱✱✱

M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
af

 K
O

 +
 R

10
0

0.000

0.002

0.004

0.006

0.008

Sox8
✱

M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
af

 K
O
 +

 R
10

0

0.000

0.005

0.010

0.015

0.020

Gp2

R
e

la
ti

v
e

 e
x
p

re
s
s
io

n
 t

o
 G

a
p

d
h

✱✱✱

M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
af

 K
O
 +

 R
10

0

0.000

0.001

0.002

0.003

0.004

0.005

Esrrg

✱✱

M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
af

 K
O

 +
 R

10
0

0.00

0.05

0.10

0.15

MarcksL1

✱✱

M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
af

 K
O

 +
 R

10
0

0.00

0.01

0.02

0.03

0.04

0.05

Tnfaip2

✱✱✱

Nuclei  Gp2

ENR 500 ENR 500 + R100

Maf WT

Maf KO

M
af

 W
T 

M
af

 K
O

M
af

 W
T +

 R
10

0

M
af

 K
O
 +

 R
10

0

0.0000

0.0001

0.0002

0.0003

0.0004

0.0005

Maf

✱✱

A B

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/


A

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.15.464565doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.15.464565
http://creativecommons.org/licenses/by/4.0/

