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Abstract

The clear role of autophagy in human inflammatory diseases such as Crohn’s disease was first 

identified by genome-wide association studies and subsequently dissected in multiple mechanistic 

studies. ATG16L1 has been particularly well studied in knockout and hypomorph settings as well 

as models recapitulating the Crohn’s disease-associated T300A polymorphism. Interestingly, 

ATG16L1 has a single homolog, ATG16L2, which is independently implicated in diseases 

including Crohn’s disease and systemic lupus erythematosus. However, the contribution of 

ATG16L2 to canonical autophagy pathways and other cellular functions is poorly understood. To 

better understand its role, we generate and analyze the first, to our knowledge, ATG16L2 knockout 

mouse. Our results show that ATG16L1 and ATG16L2 contribute very distinctly to autophagy and 

cellular ontogeny in myeloid, lymphoid and epithelial lineages. Dysregulation of any of these 

lineages could contribute to complex diseases like Crohn’s disease and systemic lupus 

erythematosus, highlighting the value of examining cell-specific effects. We also identify a novel 

genetic interaction between ATG16L2 and epithelial ATG16L1. These findings are discussed in 

the context of how these genes may contribute distinctly to human disease.
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Introduction

Autophagy is an evolutionarily conserved process that regulates the degradation of targeted 

cargo that can range from damaged intracellular components to infectious microbes and is 

essential for cellular and tissue homeostasis(1). Consistent with the tight conservation of this 

process, perturbations in autophagy typically have significant consequences across a wide 

range of cell types and organisms, from yeast to humans(1). The association between 

autophagy and human diseases, including inflammatory bowel disease, systemic lupus 

erythematosus and diabetes, critically underscores the clinical relevance of better 

understanding the mechanistic details of this process(2).

Genomewide association studies previously highlighted a link between autophagy and 

Crohn’s disease(3). Like many complex inflammatory diseases, the pathophysiology of 

Crohn’s disease involves patient-specific perturbations in the innate immune, adaptive 

immune and/or epithelial compartments(4). Thus, understanding the precise role that each 

susceptibility gene plays in individual cell types is key to both understanding how it 

contributes to disease risk overall as well as selecting corresponding personalized 

therapeutic regimens. Of the 3 autophagy-related genes linked to Crohn’s disease, namely 

GPR65, IRGM and ATG16L1, the ATG16L1 polymorphism has been of particular interest 

because it results in a threonine to alanine substitution (T300A)(3, 5). Several previous 

studies have documented profound effects of either loss or T300A mutation of ATG16L1 in 

mice and humans(6-9). Murine models have further demonstrated the distinct effect of 

ATG16L1 loss or T300A mutation in different cell types, including epithelial and immune 

cells(6, 7, 10, 11). Major effects on granule exocytosis, IL-1β release and mitochondrial 

homeostasis were characterized in Paneth cells, macrophages and T cells respectively. These 

findings reinforce the value of understanding cell type-specific effects to holistically 

understand how individual genes contribute to disease risk.

Another intriguing feature of ATG16L1 is that it has a homolog, ATG16L2, which is present 

in all mammals but not evolutionarily older organisms(12). Both ATG16L1 and ATG16L2 

share the same structural domains and significant amino acid sequence similarity, and both 

are related to the ancestral yeast ATG16 protein(12). The emergence of ATG16L2 in 

mammals raises the possibility that it may play novel roles in autophagy and disease. In this 

regard, several genetic studies have linked ATG16L2 with susceptibility to two auto-

inflammatory diseases, Crohn’s disease and systemic lupus erythematosus, in East Asian 

populations, including Korean, Japanese, and Chinese(13-17). Decreased levels of ATG16L2 

have also been linked to multiple sclerosis(18, 19). Thus, ATG16L2 biology appears to be 

pertinent to human health.

Despite these intriguing genetic links to disease, the function of ATG16L2 remains to be 

clearly elucidated. Although ATG16L2 is structurally similar to ATG16L1 and is likewise 

able to form a complex with the autophagy proteins ATG5 and ATG12, overexpression and 

knockdown studies in MEFs and COS-7 cells suggest that ATG16L2 is not essential for 

canonical autophagy(12). Conversely, knockdown experiments in mouse pancreatic acinar 

cells indicate that ATG16L2 may contribute to canonical autophagy and cellular 

homeostasis, raising the possibility of cell-specific effects(20). Potential factors confounding 
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definitive interpretation of these results include residual expression in knockdown 

experiments and idiosyncrasies of each experimental system. Whether ATG16L2 modulates 

ATG16L1 function in some subtler manner or exerts a non-canonical autophagy function, 

and what cell types such functions might be relevant in, remains unclear. Elucidating these 

functions will provide critical insights into inflammatory disease pathobiology.

To date, how ATG16L2 might contribute to pathophysiology of Crohn’s disease remains 

unknown. In order to address this issue, we generated mice deficient in ATG16L2 to enable 

studies of physiologically relevant cell types and contexts. To our knowledge, this is the first 

report of ATG16L2-knockout mice. In particular, we examine here the consequences of 

ATG16L2 loss on the development and function of innate immune, adaptive immune and 

intestinal epithelial cells.

Materials and Methods

Mice.

The murine Atg16l2 gene encodes a 627 amino-acid protein spanning ~13 kb. We deleted 

the entire Atg16l2 gene in one targeting step. The pATG16L2loxP.Neo targeting vector was 

used to replace a 13 kb region containing the entire ATG16L2 coding sequence, from about 

300 bp upstream of the Atg16l2 start codon to about 700 bp downstream of the stop codon, 

with a loxP-flanked neomycin resistance gene (Fig 1A). pATG16L2loxP.Neo was generated 

by cloning the 5’ homology arm (7.8-kb KpnI-PacI fragment from a PCR product generated 

with 5’ATG16L2–166UK [AAGGTACCCAGGCACAAGCAGTCTAAGAG] and 

5’ATG16L2–8517N [AAAAGCGGCCGCCGCTGTGCTTTGCCCTAGTA]) and the 3’ 

homology arm (3.9-kb KpnI-HindIII fragment from a PCR product generated with 

3’ATG16L2–4815U [GGTGGGTCTTGTTTTTTTGC] and 3’ATG16L2–12 

[CACTCCCCTAGACTTGTCC]) into pDT.aPA, a kind gift from Dr. Brian Seed. The 5’ and 

3’ arms were checked by sequencing. Embryonic stem cells were generated from B6/129 F1 

mice, cultured and targeted as previously described(21) (ingenious targeting laboratory, 

NY). Mice germline for the Atg16l2loxP.Neo allele were generated by standard targeting 

strategies(21) (ingenious targeting laboratory, NY). The Atg16l2Δ allele was derived by 

breeding Atg16l2loxP.Neo/+ mice to mice expressing the Cre recombinase under a CMV 

promoter (Stock #6054, Jackson Labs, ME). The Atg16l2Δ allele was bred onto the B6 

background using speed congenics (Charles River, WA). The Atg16l1T300A and Atg16l1CKO 

(conditional knockout) alleles have been previously reported(7). Mice harboring the 

Atg16l1CKO allele were crossed to mice expressing the Cre recombinase under the control of 

the CD11c, Lck and villin promoters as indicated (Jackson Labs, ME). Animals were used at 

6–10 wks of age and age- and sex-matched for independent experiments. Animals were 

housed in a pathogen-free facility, and all procedures were performed in accordance with the 

institutional animal care and use committee at Massachusetts General Hospital.

Southern blot analyses.

Genomic DNA was isolated and prepared for Southern blot analyses as previously 

described(21). Briefly, DNA was digested with EcoRV (New England Biolabs, MA), 

separated by agarose electrophoresis and transferred onto Zetaprobe membrane (Bio-rad, 
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CA). PCR was used to generate probe A (5’ATG16L2–8517U 

[TACTAGGGCAAAGCACAGCG] and 5’ATG16L2–9513 

[TCGGTCTACACTGTTCTTTTTTTC]) and probe B (3’ATG16L2–5991U 

[GAAGGGATTTTCAGTCATTTGAT] and 3’ATG16L2–4815 

[GCAAAAAAACAAGACCCACC]). Probe N was a kind gift from Dr. Barry Sleckman. 

Probes were labeled by random hexamer priming (Roche, IN) using [α−32P]dCTP.

Western blot analyses.

Cell extracts were prepared using standard lysis buffer (100 mM Tris-HCl, 100 mM NaCl, 

1% NP-40, 1 mM DTT, 10 mM NaF, 0.5 mM Na3VO4) with protease inhibitor (Roche, IN) 

and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-rad, CA). 

Proteins were transferred onto PVDF membranes (Immobilon-P, Millipore, MA) and 

visualized using antibodies against LC3 (L7543, Sigma Aldrich), p62 (03-GP62-C, 

American Research Products) and actin (A2066, Sigma Aldrich, MO) with the appropriate 

secondary reagents goat anti-rabbit HRP (P0448, Dako, CA) [actin, LC3] or rabbit anti-

guinea pig HRP (P0141, Dako, CA) [p62].

Cell culture.

MEFs were generated as previously described. Briefly, dams from Atg16l2+/Δ x Atg16l2+/Δ 

mating pairs were euthanized at 13 days post-coitus. Embryonic body tissue was trypsinized 

and expanded for at least 2 weeks; an aliquot was genotyped to obtain at least 3 matching 

sets of Atg16l2+/+ and Atg16l2Δ/Δ MEFs; data from all MEFs showed similar data within 

each genotype. Bone-marrow–derived dendritic cells (BMDCs) were generated by culturing 

bone marrow stem cells in complete RMPI containing 37.5 ng/mL GM-CSF (315–03, 

Peprotech, NJ) for 7d and analyzed for >90% CD11c+ by flow cytometry before 

experimental use. Splenic B and T cells and bone marrow neutrophils were isolated by 

negative selection using magnetic cell sorting (130–090-862, 130–095-130, 130–097-658, 

Miltenyi Biotec, CA). Splenic macrophages were isolated by CD11b positive selection 

(130–049-601, Miltenyi Biotec, CA). Splenic macrophages were cultured at 106 cells/ml, 

treated with 100 ng/ml IFNγ and additionally stimulated with 2 ng/mL LPS and 10 μg/mL 

MDP as indicated; supernatants were collected 24 hours later. All cells were maintained in 

37°C and 5% CO2.

Antibacterial autophagy assays.

Assays were performed as previously described(22). For S. Typhimurium experiments, S. 

enterica serovar Typhimurium SL1344 carrying a DsRed2 expression plasmid was grown 

overnight in Luria-Bertani broth (LB) containing 100 μg/mL ampicillin at 37°C, subcultured 

1:33 for a further 3 h and added to HeLa-LC3-GFP cells previously plated onto coverslips at 

a multiplicity of infection (MOI) of 100. At 1 hour after infection, cells were fixed in 2% 

(wt/vol) paraformaldehyde overnight and stained with Hoechst to visualize nuclei. For 

Listeria experiments, Listeria cultures were grown overnight in brain heart infusion broth 

(BHI) at 37°C, subcultured 1:50 in BHI and grown to OD600 of 0.4. Primary splenic 

macrophages were infected at an MOI of 2–10 for 30 min, cells washed and fixed in 

methanol at 1 h post infection and stained with an antibody against LC3 (APG8C, Sigma 

Aldrich, MO). Counting was performed using wide-field fluorescence illumination with a 
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100X lens (Zeiss Axioplan2; Carl Zeiss MicroImaging). Randomly chosen fields were 

assessed for LC3-GFP-positive bacteria with at least 75 cells on three different coverslips 

counted for each condition.

Enzyme-linked immunosorbent assays.

IL-1β and IL-2 were detected by sandwich ELISA per manufacturer’s protocol (559603, BD 

Biosciences). TNP-specific antibody was measured using EIA high-binding plates (3590, 

Corning) coated with 10 μg/mL TNP-BSA (T-5050, Biosearch Technologies) and 

subsequent detection using HRP-conjugated streptavidin and BD OptEIA substrate kit 

(555214, BD Biosciences). Quantitation was based on absorbance at 450 nm, read on a 

SpectraMax M5 micro-plate reader (Molecular Devices). Samples were run in triplicate.

Whole blood characterization and flow cytometry.

Peripheral blood was collected by facial vein bleed into EDTA Microtainer tubes (BD 

Biosciences, NJ) and CBC performed on a Heska Hematrue (Heska, CO). Flow cytometry 

was acquired on a FACSVerse (BD Biosciences, NJ) and analyzed using Flowjo (Flowjo, 

OR). Cell sorting was performed on an Astrios (Beckman Coulter). Antibodies were used 

from (1) BioXCell: Fc block (2.4G2), and (2) eBioscience: B220-APC-Cy7 (RA3–6B2), 

CD11c-APC (N418), CD138-PE-Cy7 (DL-101), CD19-APC (1D3), CD19-PE-Cy7 (1D3), 

CD21-FITC (4E3), CD23-PE (B3B4), CD25-APC (PC61.5), CD3-FITC (145–2C11), CD4-

PE-Cy7 (RM4–5), CD43-APC (R2/60), CD44-PE (IM7), CD45.1-PE (A20), CD45.2-APC 

(104), CD5-APC (53–7.3), CD62L-APC (MEL-14), CD8-APC-Cy7 (53–6.7), CD8-FITC 

(53–6.7), Foxp3-PE (FJK-16s), IFNγ-APC (XMG1.2), IgD-FITC (11–26c), IgM-PE 

(eB121–15F9), IL-17-APC (eBio1787), NK1.1-PB (PK136). Cell viability assessed using 

fixable Live/Dead Aqua dye (Invitrogen). Flow cytometry for LC3 was performed per 

manufacturer’s instructions (FlowCellect, Millipore).

Bone marrow chimeras.

Bone marrow was harvested from CD45.1+CD45.2+ wildtype mice and 

CD45.2+ATG16L2Δ/Δ mice and treated with RBC lysis buffer (eBioscience). Hematopoietic 

stem cells were mixed at 1:1 ratio and injected into irradiated (12 Gy) CD45.1+ hosts (5×105 

cells/mouse). Hosts were euthanized and tissues harvested for analysis 10 – 12 weeks after 

irradiation.

T cell functional assays.

Naïve CD4+CD62L+ T cells were purified by magnetic cell sorting (130–104-453, Miltenyi 

Biotec, CA). To assess proliferation, cells were labeled with CFSE (Celltrace, Thermo 

Fisher) and stimulated with anti-CD3/anti-CD28 Dynabeads (Thermo Fisher) at a 1:4 

bead:cell ratio. Cells were analyzed by flow cytometry 2 and 3 days after stimulation, and 

percentage of proliferating CFSElow cells noted. T cell differentiation was performed as 

previously reported(23). Briefly, CD4+CD62L+ T cells were stimulated on plates pre-coated 

with anti-CD3 and anti-CD28 (145–2C11 and 37.51, BioXCell, NH) in polarizing media as 

follows - Th17: anti-IL4, -IL12 and -IFNγ (11B11, C17.8 and XMG1.2, 2 μg/ml, BioXCell, 

NH) with TGFβ, IL-6 and IL-1β (Peprotech, NJ) and 0.5, 20 and 20 ng/ml respectively; 
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Treg: anti-IL4, -IL12 and -IFNγ with 10 ng/ml TGFβ; Th1: anti-IL4 with 1 ng/ml IL-12. 

Cells were fed, split and analyzed 2, 3 and 4 days after stimulation, respectively. Prior to 

analysis, cells were restimulated using 50 ng/ml PMA and 500 ng/ml ionomycin (Sigma 

Aldrich, MO) with Golgistop (BD Biosciences, NJ). For IL-2 studies, no polarizing 

cytokines were added and supernatant was harvested after 24 hours of stimulation.

Immunization studies.

To assess T cell-independent response, 50 μg TNP- Ficoll (F-1300, Biosearch Technologies), 

a Type 2 TI antigen, in 200 μL of PBS was injected intra-peritoneally (i.p.). Serum anti-TNP 

antibody levels were measured 7 and 14 d post-immunization. To assess T cell-dependent 

response, 100 μg TNP-chicken gamma globulin (CGG) (T-5052, Biosearch Technologies) 

was mixed with 100 μL of Imject alum (77161, Pierce Biotechnology) in PBS, and a total 

volume of 200 μL was injected i.p. with an identical booster i.p. injection on day 14. Serum 

was harvested and anti-TNP antibody quantitated by ELISA.

Citrobacter model.

C. rodentium were grown overnight at 37°C in LB with 100 μg/ml nalidixic acid, 

resuspended in PBS at 2×1010 colony-forming units (CFUs) per mL and administered by 

oral gavage at 0.1 mL per mouse. At indicated time points, fecal pellets were weighed, 

homogenized, serially diluted, and plated onto LB agar containing nalidixic acid. Distal 

colon tissue was harvested and stored in RNAlater (Ambion) for cytokine analysis.

Real-time Quantitative PCR.

Cecum and terminal ileum tissue was harvested and stored in RNAlater (Ambion). RNA was 

extracted from homogenized tissues using the RNeasy kit (Qiagen) and cDNA synthesized 

using iScript cDNA Synthesis kit (Bio-Rad). Quantitative PCR was performed using iQ 

SYBR Green Supermix (Bio-Rad) on an iCycler with iQ5 Multicolor Real-Time PCR 

Detection System (Bio-Rad). Reaction conditions comprised 37 cycles of PCR with 

annealing temperature of 59°C. The threshold cycle (CT) for each sample was determined 

for each gene and normalized to the CT value of the endogenous housekeeping gene 

GAPDH. Data were calculated using the 2-∆∆C
T method(24). The following primers were 

used: IFNγ Fwd: ATGAACGCTACACACTGCATC, IFNγ Rev: 
CCATCCTTTTGCCAGTTCCTC; IL-1β Fwd: GCCCATCCTCTGTGACTCAT, IL-1β 
Rev: AGGCCACAGGTATTTTGTCG; IL-4 Fwd: GGCATTTTGAACGAGGTCAC, IL-4 
Rev: GCATGGAGTTTTCCCATGTT; IL-6 Fwd: GTAGCTATGGTACTCCAGAAGAC, 

IL-6 Rev: ACGATGATGCACTTGCAGAA; TNFα Fwd: 
GACGTGGAACTGGCAGAAGAG, TNFα Rev: TTGGTGGTTTGTGAGTGTGAG.

Crypt isolation and single cell sorting.

Crypts were isolated from whole small intestine. Tissue was rinsed in cold PBS, opened 

longitudinally, sliced into ~2 mm fragments and incubated in 20 mM EDTA-PBS on ice for 

90 min, shaking every 30 min. Tissue was then shaken vigorously and supernatant was 

collected as fraction 1 in a new conical tube. Remaining tissue was incubated in fresh 

EDTA-PBS and a new fraction was collected q30 min until the supernatant consisted almost 
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entirely of crypts. The final crypt-enriched fraction was washed twice in PBS, centrifuged at 

300g for 3 min, and dissociated with TrypLE Express (Invitrogen) for 1 min at 37ºC. The 

single cell suspension was filtered (40 μm), stained and single cells sorted into each well of a 

96-well PCR plate containing 5 μl of TCL buffer with 1% 2-mercaptoethanol (2-ME, Sigma 

Aldrich). The cells were stained for 7AAD− (Life Technologies), CD45− (eBioscience), 

CD31− (eBioscience), Ter119− (eBioscience), EpCAM+ (eBioscience), and for specific 

epithelial cells were also stained for CD24+/− (eBioscience) and c-Kit+/− (eBioscience). A 

population control of 200 cells and a no-cell control were included in separate wells. The 

plate was sealed tightly (Microseal F, Fisher), centrifuged at 800g for 1 min and snap-frozen 

on dry ice and kept at −80ºC until lysate cleanup. Bulk population cells were processed in 

parallel in 100 μl TCL with 1% 2-ME.

Plate-based scRNA-seq.

Libraries were prepared using a modified SMART-Seq2 protocol as previously reported(25). 

Briefly, RNA lysate cleanup was performed using RNAClean XP beads (Agencourt), 

followed by reverse transcription with Maxima Reverse Transcriptase (Life Technologies) 

and whole transcription amplification (WTA) with KAPA HotStart HIFI 2× ReadyMix 

(Kapa Biosystems) x21 cycles. WTA products were purified with Ampure XP beads 

(Beckman Coulter), quantified with Qubit dsDNA HS Assay Kit (ThermoFisher), and 

assessed with a high sensitivity DNA chip (Agilent). RNA-seq libraries were constructed 

from purified WTA products using Nextera XT DNA Library Preparation Kit (Illumina). On 

each plate, the population and no-cell controls were processed using the same method as the 

single cells. Libraries were sequenced on an Illumina NextSeq 500. Data was deposited into 

the Gene Expression Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE134226). Wildtype scRNAseq data is posted in GSE106510 and ATG16L2-

knockout data is posted in GSE134226.

Plate-based scRNA-seq data pre-processing.

BAM files were converted to merged, de-multiplexed FASTQs using the Illumina provided 

Bcl2Fastq software package v2.17.1.14. Paired-end reads were mapped to the UCSC mm10 

mouse transcriptome using Bowtie with parameters “-q --phred33-quals -n 1 -e 99999999 -l 

25 -I 1 -X 2000 -a -m 15 -S -p 6”, which allows alignment of sequences with one mismatch. 

Expression levels of genes were quantified as transcript-per-million (TPM) values calculated 

by RSEM v1.2.3 in paired-end mode. For each cell, we quantified the number of genes for 

which at least one read was mapped, and then excluded all cells with either fewer than 3,000 

detected genes or a transcriptome-mapping rate of <40%. Selection of variable genes was 

performed by fitting a generalized linear model to the relationship between the squared 

coefficient of variation (CV) and the mean expression level in log/log space, and selecting 

genes that significantly deviated (p<0.05) from the fitted curve, as previously described(26).

tSNE visualization.

For visualization purposes only (and not for clustering), dimensionality was further reduced 

using the Barnes-Hut approximate version of the t-distributed stochastic neighbor 

embedding (tSNE). This was implemented using the ‘Rtsne’ function from the ‘Rtsne’ R 

package using 20,000 iterations and a perplexity setting that ranged from 10 to 30 depending 
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on the size of the dataset. Scores from the first n PCs were used as the input to tSNE, where 

n was determined for each dataset using the permutation test.

k-NN graph based clustering.

To cluster single cells by their expression profiles, we used unsupervised clustering, based 

on the Infomap graph-clustering algorithm, following approaches recently described for 

single cell CyTOF data and scRNA-seq(27). Briefly, we constructed a k nearest-neighbor (k-

NN) graph on the data using as the metric for each pair of cells, the distance between the 

scores of significant PCs. The parameter k was chosen in a manner roughly consistent with 

the size of the dataset. The k-NN graph was computed using the function ‘nng’ from the R 

package ‘cccd’ and was then used as the input to Infomap, implemented using the 

‘infomap.community’ function from the ‘igraph’ R package. Detected clusters were 

annotated by cell types or states using known markers for IEC subtypes(28). Specifically, for 

each known epithelial type we selected five canonical marker genes (e.g., Lgr5, Ascl2, 

Slc12a2, Axin2 and Olfm4 for stem cells, or Lyz1, Defa17, Defa22, Defa24 and Ang4 for 

Paneth cells), and scored all clusters for their expression.

Histology.

To visualize Paneth cells, sections of mouse intestine were deparaffinized and antigen 

retrieval performed with Target Retrieval solution (Dako North America Inc, Carpinteria, 

CA) in a pressure cooker for 30 minutes. Slides were stained with rabbit anti-lysozyme 

(Dako) at 1:1000 in a humid chamber overnight and visualized with Alexa 488-conjugated 

secondary antibody. TUNEL staining was performed by Servicebio (Woburn, MA). Paneth 

cells were independently enumerated (≥ 35 crypts/mouse, ≥ 3 mice per genotype) by 2 

blinded observers with similar results.

Results

Generating and characterizing Atg16l2-knockout mice

We generated knockout mice deficient in ATG16L2 to enable gold standard studies in vivo 

and in primary cells. We designed a targeting strategy that specifically excised all coding 

exons of Atg16l2, preventing potential confounding contributions from partial protein 

fragments (Fig. 1A). Appropriate targeting and Cre-mediated excision of the neomycin 

selection cassette was verified by Southern blot analysis, PCR and sequencing (Fig. 1B). 

Breeding of Atg16l2+/− heterozygous pairs showed that Atg16l2−/− offspring are viable and 

born at Mendelian proportions (Fig. 1C). The non-requirement of ATG16L2 for embryonic 

or perinatal viability allowed us to examine the role of ATG16L2 in a wide range of cell 

types. Given ATG16L2’s homology to ATG16L1 and ability to bind to proteins known to be 

essential for autophagy, we first examined processes typically perturbed by defects in 

canonical autophagy in relevant cell types.

Impaired autophagy typically results in accumulation of p62 and the LC3-I isoform. We 

generated 3 independent lines each of ATG16L2-sufficient (Atg16l2+/+) and -deficient 

(Atg16l2−/−) MEFs from Atg16l2+/− heterozygous matings. While western blot analyses of 

previously generated MEF lines with perturbed ATG16L1 (Atg16l1T300A/A and Atg16l1−/−) 
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showed accumulation of p62 and LC3-I as previously demonstrated, MEF lines deficient in 

ATG16L2 did not (representative data in Fig. 1D). A similar lack of LC3-I accumulation 

was seen in various ATG16L2-deficient cells of hematopoietic origin, including bone-

marrow-derived dendritic cells, as well as sorted primary B cells, T cells and neutrophils 

(Fig. 1E).

Additionally, Crohn’s disease is associated with defects in selective autophagy, which 

frequently require stimulation to reveal(7). In this context, we examined the role of 

ATG16L2 in antibacterial autophagy. Testing of ATG16L2-deficient MEFs and primary 

splenic macrophages showed no significant defect in antibacterial autophagy in either cell 

type (Fig. 1F). Finally, we examined IL-1β secretion in primary splenic macrophages. 

Whereas mutations in or loss of ATG16L1 led to elevated IL-1β secretion as previously 

reported, loss of ATG16L2 had no appreciable effect (Fig. 1G). Taken together, these data 

demonstrate across multiple cell types and readouts that ATG16L2, unlike ATG16L1, is not 

a requisite member of the canonical autophagy pathway in MEFs or primary innate and 

adaptive immune cells.

Analysis of ATG16L1 and ATG16L2 expression patterns across different tissues deposited 

in the GTEX portal showed significantly higher relative expression of ATG16L2 in blood 

and spleen, raising particular interest in the role of ATG16L2 in the development and 

function of hematopoietic cells (Fig. 2A). In particular, studies of several genes have linked 

autophagy to erythropoiesis. Interestingly, some of these genes are essential for autophagy 

(e.g. Atg7) while others are not (e.g. Ulk1, Nix) (29-32). In contrast to the latter group, loss 

of ATG16L2 resulted in no detectable perturbations across a spectrum of RBC-related 

parameters, arguing against a defect in erythropoiesis (Fig. 2B) (31, 32). Similarly, no 

appreciable defects were seen in the peripheral myeloid compartments, demonstrating the 

absence of both developmental and functional defects in innate immune cells (Fig. 2C, 1F 

and 1G).

Most essential autophagy genes, including ATG16L1, play important roles in the 

development and function of B and T lymphocytes, leading us to characterize these 

processes closely in ATG16L2-deficient mice(33-35). Analysis of littermates across 

different ages showed no overt defects in T cell subsets in the thymus or in the periphery 

(Fig. 2D). Similarly, no defect in B cell populations was seen, even in the natural B1a and 

B1b populations, which are reported to be particularly sensitive to autophagy defects (Fig. 

2D)(33). Analyses of B cell development in bone marrow also showed no differences. 

Because homeostatic forces can sometimes mask the effect of smaller but important 

contributions, we generated mixed bone marrow chimeras using CD45.1-congenic 

hematopoietic stem cells mixed with either Atg16l2+/+ or Atg16l2−/− hematopoietic stem 

cells expressing the CD45.2 congenic marker into either immune-sufficient or Rag−/− hosts 

with similar results. This much more sensitive method shows equivalent contribution of both 

congenic markers up to the point in development at which the gene of interest plays a 

significant role, with differences appearing in that population and its descendants. Aside 

from a statistically significant (q<0.01) decrease in marginal zone splenic B cells, our results 

failed to identify any stage in T- or B-cell development in which ATG16L2 played an 

essential role (Fig. 2E).
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Finally, we interrogated several fundamental parameters of T- and B-cell function. We 

assessed T cell response to anti-CD3/anti-CD28 stimulation, examining both proliferation as 

well as IL-2 production (Fig. 2F and 2G). We also investigated in vitro differentiation of 

naïve CD4+ T cells to both pro-inflammatory (Th1, Th17) and anti-inflammatory (Treg) 

lineages (Fig. 2H). Finally, we assessed intrinsic B cell function by measuring antibody 

production to a T-independent antigen (Fig. 2I). Across these different studies, we did not 

uncover a significant role for ATG16L2 in T- and B-cell function.

Taken together, these data indicate that ATG16L2 is not a requisite component either for 

canonical autophagy or for development and function of major hematopoietic subsets. One 

leading hypothesis for this observation might be that ATG16L2 loss is compensated for by 

ATG16L1. To test this notion, we generated mice doubly deficient for ATG16L1 and 

ATG16L2. Because loss of ATG16L1 is embryonic lethal, we used the ATG16L1 

conditional knockout in conjunction with Lck-Cre, which deletes early in T-cell ontogeny. 

We designed breeding pairs to generate littermates to determine if loss of ATG16L2 

exacerbates the ATG16L1 phenotype in the T-cell lineage.

Dissecting the contributions of ATG16L1 and ATG16L2 to T cell development and function

As expected from deletion of other genes essential for canonical autophagy, loss of 

ATG16L1 perturbs thymic development(34). This defect is most pronounced in the NKT 

lineage, consistent with recent reports examining other canonical autophagy genes (Fig. 3A)

(36). However, loss of ATG16L1 also results in modestly decreased thymic cellularity and 

slightly increased proportion of CD4−CD8− double-negative (DN) cells, with proportions of 

CD4- and CD8- double-positive and single-positive cells largely unchanged (Fig 3A). 

Previous reports have identified CD4−CD8−CD3+ cells as pro-inflammatory cells increased 

in the peripheral blood of patients with systemic lupus erythematosus; we find that the 

increase in the DN compartment of ATG16L1-deficient mice is due to increased 

CD3−CD4−CD8− triple negative (TN) thymic progenitors rather than CD4−CD8−CD3+ 

mature T cells (Supplemental Fig. 1A) (37, 38). Close examination of the CD3−CD4−CD8− 

triple negative (TN) compartment suggests a subtotal TN3-TN4 block with ATG16L1 loss 

(Fig. 3B). Consistent with our results above, loss of only ATG16L2 does not perturb any of 

these populations, compared to wildtype littermates (Fig. 3A and 3B). Importantly, 

additional loss of ATG16L2 does not exacerbate the ATG16L1 phenotype (Fig. 3A and 3B). 

Furthermore, western blot analyses of T cells doubly deficient in ATG16L1 and ATG16L2 

also show no exacerbation of LC3-I accumulation compared to ATG16L1-deficient T cells 

(Supplemental Fig. 1B).

Similar results were observed in the periphery. Splenic cellularity trended lower with loss of 

ATG16L1, due to decreases in NKT, CD4+ and CD8+ T cell populations, and a 

corresponding relative increase in B cell proportion (Fig. 3C). Within both CD4+ and CD8+ 

T cells, loss of ATG16L1 also resulted in a shift from naïve CD62L+ to memory CD44+ 

cells (Fig. 3D). Lupus-associated CD4−CD8−CD3+ cells trended towards a slight, not 

statistically significant, increase with loss of ATG16L1 (Supplemental Fig. 1C). Flow 

cytometry revealed increased LC3, consistent with impaired autophagy, in NKT and T cells 

deficient for ATG16L1 (Supplemental Fig. 1D). Additional loss of ATG16L2 did not 
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exacerbate any of these phenotypes; only splenic cellularity showed a statistically 

insignificant downward trend in the double knockouts (Fig. 3B and 3C and Supplemental 

Fig. 1C). Finally, we assessed B/T interactions by immunizing with a T-dependent antigen. 

Loss of ATG16L1 and/or ATG16L2 did not affect the ability to generate antibodies in these 

experiments (Fig. 3E). Taken together, these results argue against the notion that ATG16L2 

exerts functions redundant to ATG16L1 in T cells.

Dissecting the contributions of ATG16L1 and ATG16L2 to intestinal epithelial development 
and function

Finally, we examined a possible role for ATG16L2 in epithelial cell function with particular 

emphasis on the gastrointestinal tract given the genetic linkage to Crohn’s disease. In order 

to assess for functional deficits, we examined the response in a model of infectious colitis 

with Citrobacter rodentium, in which ATG16L1 has previously been shown to play a role(8). 

Similar to our approach in analyzing T cells, we generated mice deficient in epithelial 

ATG16L1 by breeding the Atg16l1 conditional knockout to villin-cre. Again, we used 

littermates to examine the effect of ATG16L2 loss, either in the presence or absence of 

epithelial ATG16L1.

Similar to previous reports using a hypomorphic allele of Atg16l1, loss of epithelial 

ATG16L1 in our hands confers resistance to C. rodentium infection (Fig. 4A)(8). Loss of 

ATG16L2 alone has no effect on susceptibility to infection in this model (Fig. 4A). 

However, loss of both ATG16L1 and ATG16L2 consistently reverses the resistance 

conferred by loss of ATG16L1 alone (Fig. 4A). Our interrogation of inflammation-

associated cytokines revealed that loss of ATG16L1 and/or ATG16L2 resulted in elevated 

IL-4 and decreased IFNγ and no statistically significant differences in IL-6 and IL-1β, 

consistent with a Th1/Th2 imbalance (Fig. 4B). However, no statistical significant 

differences were found between loss of ATG16L1 with and without loss of ATG16L2 to 

explain the phenotypic difference observed. Flow cytometric analyses of cells isolated from 

the lamina propria of infected mice identified IFNγ+ cells; staining for IL-4 was equivocal 

(Supplemental Fig. 2 and data not shown). Mice lacking epithelial ATG16L1 tend to exhibit 

fewer IFNγ-expressing CD4+ T cells, this trend appears to be reversed by concomitant loss 

of ATG16L2 (Supplemental Fig. 2). Similar patterns are not observed in CD11c+, NKT, 

CD8+ or CD4−CD8− T cells. Together with the results from C. rodentium studies, this 

suggests that modulation of IFNγ-expression in CD4+ T cells by ATG16L2 and epithelial 

ATG16L1 may particularly contribute to control of intestinal pathogens. The identity of the 

majority of IFNγ-expressing cells remains to be clarified, pointing to the value of further 

characterization (Supplemental Fig. 2). These results suggest that perturbation of ATG16L1 

and/or ATG16L2 in epithelial cells might alter immune responses to infection, but additional 

factors likely impact response to infection. To interrogate the potential contribution of 

epithelial cell-intrinsic defects, we performed single-cell RNAseq on wildtype and 

ATG16L2-deficient intestinal epithelial cells. These studies found that loss of ATG16L2 

altered the cellular architecture of the intestinal epithelium (Fig. 4C and 4D). Most notably, 

ATG16L2-deficient intestinal epithelium exhibited a statistically significant decrease in 

Paneth cells with trends towards increased early progenitors in enterocyte and 

enteroendocrine populations (Fig. 4D). Consistent with these findings, independent 
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histological analyses demonstrate decreased Paneth cells in ATG16L2-deficient mice (Fig. 

4E). We did not observe any differences in TUNEL staining, arguing against increased 

Paneth cell apoptosis in ATG16L2-deficient mice (Fig. 4F). Taken together, these data 

suggest that ATG16L1 and ATG16L2 play distinct, physiologically relevant roles in 

intestinal epithelial cell biology. Further experiments will better define the relevant pathways 

in normal homeostasis as well as in disease.

Discussion

The realization that autophagy plays an important role in many human diseases, ranging 

from cancer to auto-inflammatory disease, has concretized the importance of understanding 

the mechanistic underpinnings of this process. In particular example, observations that 

Crohn’s disease and systemic lupus erythematosus share some clinical features, including 

inflammation in multiple overlapping organ systems, and genetic associations support the 

notion of shared pathophysiological pathways in at least a subset of patients(13-16, 39, 40). 

Studies suggesting efficacy of the autophagy-enhancing mTOR inhibitor sirolimus in both 

diseases further support the clinical relevance of dissecting the role of individual autophagy 

components to develop novel therapeutics and identify patient subsets who might benefit 

most(37, 38, 41, 42). Another dimension to this effort has been added with the evolving 

understanding that autophagy itself is not a single, uniform pathway that functions 

identically in all cell types, suggesting that novel functional contributions of autophagy 

genes remain to be uncovered(43). In the context of autophagy and human disease, 

ATG16L1 has long been of interest and the development of a murine model of the human 

T300A polymorphism has propelled the ability to interrogate how perturbations in different 

cell types might contribute to disease(6, 7). ATG16L2 is emerging as a gene of great interest 

in its own right, as a close homolog of ATG16L1 that arose in mammals, and itself 

independently linked to human inflammatory disease(12-17). Despite this interest, extremely 

little is understood about ATG16L2 biology and conflicting understandings have arisen from 

prior studies, which could potentially be attributed to the limitations of pre-existing tools. By 

generating and characterizing a complete knockout of ATG16L2 in mice for the first time to 

our knowledge, our results contribute critically to a precise understanding of ATG16L2 

biology.

Several of our findings support and extend those of Ishibashi et al, whose results suggest that 

ATG16L2 is not required for basal autophagy, at least in MEFs(12). Our ATG16L2-deficient 

mice allow us to address limitations in previous studies relating to subtotal knockdown (e.g. 

with standard knockdown approaches) or effects specific to immortalized cell lines. Not only 

do we find no biochemical evidence of gross perturbations in canonical autophagy in a 

variety of ATG16L2-deficient primary cells, the viability of ATG16L2-deficient mice is also 

not characteristic of other genes essential for canonical autophagy.

The inflammatory diseases with which ATG16L1 and ATG16L2 are associated exemplify 

the contemporary understanding that such diseases can involve dysregulated interactions 

with innate immune, adaptive immune, epithelial and/or microbiome components. Thus, it is 

critical to understand the role of a protein not only in the context of a pathway, but also in 

specific cellular contexts. Given the relative higher expression in blood and spleen, we 
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assessed numerous parameters of development and function in the innate and adaptive 

immune compartments. While we were unable to identify any significant defects associated 

with loss of ATG16L2, our results do not preclude the possibility that ATG16L2 may 

contribute in these compartments in subtler but nonetheless physiologically important ways.

In the setting of pathogen defense, our results use a different system to recapitulate and 

extend previous findings that an ATG16L1 hypomorph confers resistance to C. rodentium 
infection and demonstrate a role for ATG16L1 in epithelial cells, in addition to the reported 

role in monocytes(8). Interestingly, loss of epithelial ATG16L1 confers susceptibility to S. 
typhimurium infection, pointing to an unusual example of a genetic defect differentially 

affecting pathogen susceptibility(9). The observation that loss of ATG7 results in increased 

susceptibility to C. rodentium infection, in contrast to ATG16L1, highlights complex 

relationships between pathogens and individual autophagy proteins(44). In this context, our 

results show that ATG16L2 functionally impacts epithelial homeostasis in an ATG16L1-

dependent manner. The details of this genetic interaction remain to be clearly defined. While 

our data describe changes in Paneth cells consequent to ATG16L2 loss, the role of ATG16L2 

in Paneth cell biology is likely to be quite distinct from that of ATG16L1 as evidenced by 

both histologic appearance and converse effects on C. rodentium resistance. Interestingly, 

whereas previous studies find the loss of ATG16L1 or ATG5 impact Paneth cells detectably 

only in the context of inflammation, loss of ATG16L2 demonstrates significant effects on 

Paneth cells at steady state (45, 46). While the data support the working hypothesis that the 

genetic interaction in this model occurs mainly in Paneth cells, further experiments are 

needed to clarify the disease-specific dysregulation in these cells and rule out the 

contribution of other cell types. Interestingly, our data already suggest how epithelial 

ATG16L1 loss may affect other cell types, such as CD4+ T cells, in a manner that 

genetically interacts with ATG16L2, further pointing to intricate effects on interacting cell 

types that will be important to dissect. It is tempting to speculate that these distinct and 

interacting functional features of ATG16L1 and ATG16L2 may explain, at least in part, how 

these genes are both linked to Crohn’s disease and systemic lupus erythematosus, albeit in 

ethnically distinct populations.

In summary, to our knowledge we have generated the first knockout model of ATG16L2, an 

autophagy-related gene linked to human inflammatory disease. Our data find that ATG16L2 

behaves very differently from other canonical autophagy genes, including its homolog 

ATG16L1. These results help extend our conception of the different contributions of 

autophagy-related genes to cell-specific physiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

• ATG16L2-deficient mice are viable and exhibit intact canonical autophagy.

• Intestinal infection reveals ATG16L2-(epithelial) ATG16L1 genetic 

interaction.
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Fig. 1. Role of ATG16L1 and ATG16L2 in canonical autophagy functions.
(A) Schematic of targeting strategy, not drawn to scale, indicating the Atg16l2 exons in a 

single open arrow, the genes for neomycin resistance (Neor) and diphtheria toxin sensitivity 

(DT), loxP sites (filled triangles), EcoRV sites (RV) and probes for Southern analyses (filled 

boxes). (B) Southern blot analyses of selected ES clones with indicated probes in 

parentheses. Molecular weights indicated to the left of each blot, as well as expected band 

sizes for the wildtype and targeted alleles (black and red arrows respectively). Asterisks 

denote clones with appropriate patterns, 172 shows an untargeted clone, 37 shows a non-

homologous integration. C. Summary of genotypes from 473 pups born to Atg16l2+/Δ × 

Atg16l2+/Δ mating pairs indicating numbers and percentages of offspring with 0, 1 and 2 

Atg16l2+/Δ alleles (WT, Het and KO respectively). Chi-squared test p value, compared to a 

1:2:1 Mendelian ratio, is shown. (D) Western blot analyses of LC3 isoforms and p62 

accumulation in MEFs with perturbed ATG16L1 (T300A or deficient) or ATG16L2. 

Representative of 3 independent experiments. (E) Western blot analyses of LC3 isoforms in 

bone marrow-derived dendritic cells (BMDCs) and primary B cells, T cells and neutrophils 

(NP). Representative of 2 independent experiments. (F) Antibacterial autophagy in either 

ATG16-sufficient or -deficient MEFs and primary splenic macrophages (MPs). (Data shown 

as mean ± SD, n = 75 cells per condition from 3 biologic replicates, representative of 3 

independent experiments) (G) IL-1β production in primary splenic macrophages in response 

to stimulation with MDP and LPS. (Data shown as mean ± SD, representative of 3 

independent experiments)
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Fig. 2. Effect of ATG16L2 loss on development and function of hematopoietic subsets.
(A) Data obtained from the GTex Portal (https://gtexportal.org/home/) showing normalized 

expression of Atg16l1 and Atg16l2 (green and red, respectively; overlap in yellow) across 

different tissues. Blood and spleen are indicated, tissues where expression of Atg16l2 
appears disproportionately higher. (B) Hematopoietic parameters in ATG16L2-deficient 

mice. RBC, red blood cell count; Hct, hematocrit; MCV, mean corpuscular volume; RDW, 

red cell distribution width; Hb, hemoglobin. Data shown as min-max box-and-whiskers 

plots. (9 gender- and age-matched mice/cohort, min-max plot, representative of 3 

independent experiments) (C) Leukocyte parameters in ATG16L2-deficient mice. Data 

shown as mean ± SD, 3 mice per group, representative of 3 independent experiments. (D) 
Immune cell subsets in major lymphoid compartments. Perit, peritoneum; DN, CD4−CD8− 

double negative; DP, CD4+CD8+ double positive; SP, CD4+/CD8+ single positive. Data 

shown as mean ± SD, 3 littermates per group, representative of 3 independent experiments. 

(E) Mixed bone marrow chimeras of wildtype CD45.1+CD45.2+ stem cells with either 

ATG16L2-sufficient or -deficient CD45.2+ stem cells into immune-sufficient CD45.1+ hosts. 

Black and red lines show normalized contribution from wildtype and ATG16L2-deficient 

CD45.2+ cells respectively. BM, bone marrow; Periph, periphery; Sp, spleen; MZ, marginal 

zone; FO, follicular B cells; PC, plasma cells; LN, lymph node; Thy, thymus; n, naïve; m, 
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memory. Data shown as mean ± SD of 3 independent experiments, 4 recipients per group 

per experiment. (F) Proliferation of ATG16L2−/− (KO) T cells in response to anti-CD3/

CD28 stimulation. (F-H Data shown as mean ± SD, technical triplicates, representative of 3 

independent experiments) (G) IL-2 production be ATG16L2−/− (KO) T cells in response to 

anti-CD3/CD28 stimulation. (H) Ability of ATG16L2−/− (KO) T cells to differentiate into 

pro- and anti-inflammatory subsets. (I) Ability of ATG16L2−/− (KO) mice to mount an 

antigen-specific T-independent antibody response. Data shown as mean ± SD, 3 mice per 

group, representative of 3 independent experiments. All differences non-significant unless 

otherwise indicated; **, q<0.01; t-test (E, F, H) with Benjamini, Krieger and Yekutieli 

correction (A-D, G).
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Fig. 3. Impact of ATG16L1 and/or ATG16L2 loss on T cell development and function.
(A) and (B) Thymic development in mice deficient in ATG16L1 and/or ATG16L2. Earliest 

CD4-CD8-CD3- triple negative (TN) subsets are displayed separately for clarity. (C) and 
(D) Splenic lymphoid populations in mice deficient in ATG16L1 and/or ATG16L2. Naïve 

and memory subsets are displayed separately for clarity. (A-D) Data shown as min-max box-

and-whiskers plots of 5 independent experiments, 3 age- and gender-matched mice per 

group per experiment. (E) Effect of loss of ATG16L1 (in T cells) and/or ATG16L2 on ability 

to mount an antigen-specific T-dependent antibody response. All differences non-significant 

unless otherwise indicated; *, p<0.05; **, p<0.01; ***, p<0.005; 2-way ANOVA with 

Dunnett correction, comparisons against wildtype (blue).
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Fig. 4. Impact of ATG16L1 and/or ATG16L2 loss on epithelial barrier biology and function.
(A) Effect of loss of ATG16L1 (in epithelial cells) and/or ATG16L2 on response to oral 

infection with Citrobacter rodentium. Data shown as mean ± SD, 4 mice per group, 2 

independent experiments, 2-way ANOVA with Tukey correction. (B) Cytokine response in 

mice deficient in ATG16L1 and/or ATG16L2 after infection with Citrobacter rodentium. 

Data shown as min-max box-and-whiskers plots of 2 independent experiments, technical 

triplicates, 2 mice each, 2-way ANOVA with Tukey correction. (A-B) All differences non-

significant unless otherwise indicated; *, p<0.05; **, p<0.01; ***, p<0.005. Significant 

differences from wildtype, ATG16L1-deficient and ATG16L2-deficient mice in blue, red 

and green respectively. (C) Single-cell RNAseq of epithelial cells from mice deficient in 

ATG16L1 and/or ATG16L2. Displayed is tSNE analysis of all cells in aggregate, overlaid 

with genetic identity (left), cellular identity (middle) and Lyz1 expression to highlight 

Paneth cells (right). (D) Comparison of cell populations between genotypes. *, p<0.05, 

hypergeometric test. (E-F) Histological quantitation of Paneth cells (E) and TUNEL+ cells 

(F) in intestinal sections from ATG16L2-deficient mice, Mann-Whitney p-values.
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