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Summary

The protozoan parasite Toxoplasma gondii triggers severe small intestinal immunopathology 

characterized by IFN-γ- and intestinal microbiota-mediated inflammation, Paneth cell loss and 

bacterial dysbiosis. Paneth cells are a prominent secretory epithelial cell type that reside at the 

base of intestinal crypts and release antimicrobial peptides. We demonstrate that the microbiota 

triggers basal Paneth cell-specific autophagy via induction of IFN-γ, a known trigger of 

autophagy, to maintain intestinal homeostasis. Deletion of the autophagy protein Atg5 specifically 

in Paneth cells results in exaggerated intestinal inflammation characterized by complete 

destruction of the intestinal crypts resembling that seen in pan-epithelial Atg5-deficient mice. 

Additionally, lack of functional autophagy in Paneth cells within intestinal organoids and T. 
gondii-infected mice causes increased sensitivity to the proinflammatory cytokine TNF along with 
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increased intestinal permeability, leading to exaggerated microbiota- and IFN-γ-dependent 

intestinal immunopathology. Thus, Atg5 expression in Paneth cells is essential for tissue 

protection against cytokine-mediated immunopathology during acute gastrointestinal infection.

Abstract

Introduction

Intestinal homeostasis relies on the cooperation of multiple cell types in the intestinal 

epithelium with local immune cells and the gut microbiota. The intestinal epithelium, 

comprised of absorptive enterocytes along with Paneth, goblet, tuft, and enteroendocrine 

cells, acts as a physical barrier between the host and the resident gut bacterial populations 

(Peterson and Artis, 2014). Of these epithelial cells, Paneth cells are the dominant secretory 

cells found at the base of the intestinal crypts in the small intestine. These cells secrete 

antimicrobial peptides, including lysozyme and cryptdins into the lumen (Clevers and 

Bevins, 2013), which are critical for regulating the microbiota composition (Salzman et al., 

2010; Salzman et al., 2007).

In addition to antimicrobial peptides (AMPs), several cytokines, in particular IL-17, IL-22, 

and IFN-γ, play an indispensable role in intestinal homeostasis and inflammation (Dudakov 

et al., 2015; Ivanov et al., 2006; Strober et al., 2007; Weaver et al., 2013). Both in vitro 
(Farin et al., 2014) and in vivo (Raetz et al., 2013) experiments revealed that high levels of 

IFN-γ triggered by microbial infection can lead to Paneth cell loss. In vivo experiments with 

the protozoan parasite T. gondii revealed that the loss of Paneth cells is an element of the 

highly polarized Th1 response to the parasite along with severe intestinal inflammation and 

dysbiosis (Belkaid and Hand, 2014; Raetz et al., 2013). However, the precise connection 

between the microbiota, proinflammatory cytokines and Paneth cell loss is still not 

completely understood (McSorley and Bevins, 2013).

Among multiple cellular responses, IFN-γ is known as a potent inducer of autophagy, an 

evolutionarily ancient catabolic process that helps maintain cellular function during stress by 

recycling intracellular components (Gutierrez et al., 2004; Harris, 2011; Matsuzawa et al., 

2012). In this process, part of the cytoplasm is surrounded by a double-membrane 

Burger et al. Page 2

Cell Host Microbe. Author manuscript; available in PMC 2019 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



autophagosome. Fusion with a lysosome generates an autolysosome, which enzymatically 

degrades the contents within (Levine et al., 2011). This mechanism requires coordination of 

many proteins for proper targeting and degradation. Atg5 and Atg12 interact with the 

elongating isolation membrane and LC3 becomes lipid-conjugated and associated with the 

mature autophagosome membrane (Mizushima, 2002). In addition to balancing cell death 

and proliferation (Deretic and Levine, 2009; Levine et al., 2011; Patel and Stappenbeck, 

2013), autophagy is indispensable for resistance to intestinal pathogens including T. gondii 
(Choi et al., 2014; Ling et al., 2006; Selleck et al., 2015; Zhao et al., 2008), L. 
monocytogenes (Gupta et al., 2015; Py et al., 2007; Zhao et al., 2008), and S. typhimurium 
(Benjamin et al., 2013; Conway et al., 2013; Hernandez et al., 2003; Jia et al., 2009). 

Dysregulation of autophagy in the intestinal epithelial compartment is also implicated in 

inflammatory bowel disease (IBD) (Lassen et al., 2016; Patel and Stappenbeck, 2013; Rioux 

et al., 2007). Studies examining polymorphisms in multiple genes linked to Crohn’s disease 

susceptibility, including NOD2, ATG16L1 and IRGM, have revealed a key role for 

autophagy in regulating Paneth cell function (Cadwell et al., 2008; Cadwell et al., 2009c; 

Liu et al., 2013; Zhang et al., 2015).

Mice deficient in Atg16l1 in the intestinal epithelium display significant defects localized to 

the Paneth cell granule exocytosis pathway, resulting in decreased AMP secretion (Cadwell 

et al., 2008). Additionally, Atg16l1 along with the upstream autophagy protein Atg7 play a 

compensatory role against endoplasmic reticulum stress and help maintain homeostasis in 

the intestinal epithelium (Adolph et al., 2013). Examination of the autophagy pathway in 

mice lacking Atg7 and Atg5 in the intestinal epithelium revealed Paneth cell abnormalities 

indistinguishable from the Atg16l1 mice (Cadwell et al., 2009a). While Atg5 is uniquely 

capable of additional autophagy-independent functions in phagocytic cells (Kimmey et al., 

2015; Zhao et al., 2008), the analogous impact on Paneth cells from deficiency in Atg5, 

Atg7, or Atg16 suggests that the primary function of Atg5 in Paneth cells is to control the 

autophagy pathway.

Despite a well-appreciated role for autophagy in Paneth cell function under steady state 

conditions (Stappenbeck, 2010), the potential immunoregulatory role of autophagy in Paneth 

cells during inflammatory insults has not been sufficiently explored. Here we show that 

Paneth cell-intrinsic autophagy is driven by the intestinal microbiota via induction of the 

basal levels of IFN-γ. Intact Paneth cell-intrinsic autophagy is indispensable for tissue 

homeostasis in response to inflammatory insult caused by T. gondii infection. Atg5 

deficiency only in Paneth cells resulted in acute mortality of the infected mice caused by 

uncontrolled IFN-γ and TNF mediated immunopathology triggered by the parasite.

Results

Steady state Paneth cell specific autophagy depends on the microbiota and IFN-γ

Autophagy is a highly specialized cellular process required for the recycling of intracellular 

components (Mizushima, 2007). The functional autophagic machinery requires cooperation 

between multiple proteins which generate the double membrane-bound structures in the 

cytosol that are ultimately delivered to lysosomes for recycling (Deretic et al., 2013; 

Mizushima, 2007). Among these, the membrane protein LC3 fused to GFP allows for 
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identification of cells undergoing autophagy in vivo (Mizushima, 2009; Mizushima et al., 

2004).

While autophagy plays an indispensable role for host defense and homeostatic functions of 

all enterocytes, intact autophagy is essential for Paneth cell functionality (Adolph et al., 

2013; Cadwell et al., 2008; Cadwell et al., 2009a; Deuring et al., 2014; Kaser and Blumberg, 

2014; Lassen et al., 2014; Liu et al., 2013; Ouellette, 2010; Salas and Panes, 2009; 

Stappenbeck and McGovern, 2016), even though the mechanisms that regulate autophagy in 

these cells are understood incompletely.

Analysis of small intestinal crypts in naïve GFP-LC3 mice revealed that Paneth cells, 

identified by Ulex europaeus agglutinin 1 lectin (UEA-1), undergo autophagy during steady 

state conditions, detected by the presence of GFP-LC3 puncta (Fig. 1A). GFP-LC3 puncta 

were not detected in the remaining intestinal epithelial cells, suggesting that under steady 

state conditions, autophagy is more active in Paneth cells than other intestinal epithelial cell 

populations (Fig. 1A, B).

The epithelial layer of the small intestine is constantly exposed to the microbial products 

derived from the intestinal microbiota (Peterson and Artis, 2014). Innate sensing of the 

microbiota leads to complex epithelial cell-intrinsic and -extrinsic responses characterized 

by production of antimicrobial peptides and cell proliferation as is evident from the analysis 

of microbiologically sterile germ-free mice, conventional mice treated with antibiotics, or 

animals with deleted innate immune sensors and their adaptor proteins (Belkaid and Hand, 

2014; Benson et al., 2009; Kaiko and Stappenbeck, 2014; Kelsall, 2008; Kirkland et al., 

2012; Peterson and Artis, 2014). We observed that depletion of the microbiota by antibiotic 

treatment resulted in a dramatic decrease in GFP-LC3 puncta in Paneth cells compared to 

untreated controls (Fig. 1C-D). This was characterized both as a decrease in the number of 

GFP-LC3-positive Paneth cells per intestinal crypt and a striking reduction in the number of 

GFP-LC3 puncta within each Paneth cell (Fig. 1D-E). These results suggest that basal 

autophagy in Paneth cells depends on the presence of the microbiota.

The microbiota has a pleiotropic effect on mucosal immunity, including induction of 

cytokines that regulate Paneth cells functions (Bevins and Salzman, 2011). We observed that 

antibiotic-mediated depletion of the microbiota results in dramatically reduced levels of the 

basal IFN-γ (Fig. 1F), a key cytokine for inducing autophagy (Feng et al., 2009; Gutierrez 

et al., 2004; Ling et al., 2006; Matsuzawa et al., 2012; Selleck et al., 2015). Similar 

observations were made in microbiologically sterile germ-free mice that lack intestinal 

bacteria (Fig. 1G). In these mice the lack of intestinal bacteria compromised the basal host 

IFN-γ response. These results prompted us to examine if basal levels of IFN-γ triggered by 

the microbiota play a role in the induction of Paneth cell autophagy. The presence of GFP-

LC3 puncta were next analyzed in the small intestine of GFP-LC3 mice treated with IFN-γ 
blocking antibody. We observed a marked reduction of GFP-LC3 puncta in Paneth cells in 

mice treated with IFN-γ blocking but not control antibody (Fig. 1H,I,J). These experiments 

indicate that the microbiota-driven basal autophagy observed in Paneth cells depends on 

IFN-γ.
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Loss of intestinal epithelial Atg5 leads to a catastrophic susceptibility to T. gondii-infection

The experiments from our and other laboratories have demonstrated that epithelial cell 

exposure to high levels of IFN-γ results in rapid Paneth cell loss and severe intestinal 

inflammation (Farin et al., 2014; Raetz et al., 2013). Combined with the observation of IFN-

γ-dependent autophagy induction in Paneth cells (Fig. 1), we hypothesized that the Paneth 

cell-specific autophagic response triggered by excessive amounts of IFN-γ is a mechanism 

that contributes to intestinal inflammation during T. gondii infection. To test this possibility, 

mice with an intestinal epithelial cell-restricted deficiency in autophagy achieved by the 

deletion of Atg5 using the Villin-Cre deleter (Villin-Cre x Atg5flox/flox mice, E-Atg5 KO) 

were orally infected with T. gondii. We anticipated that lack of Atg5 would limit IFN-γ-

mediated intestinal inflammation by preventing autophagy-mediated loss of Paneth cells. 

Contrary to our prediction, epithelial cell-restricted Atg5 deficiency resulted in acute 

susceptibility not seen in the control mice (Fig. 2A). The observed early mortality of E-Atg5 

KO mice prompted us to further investigate the fate of Paneth cells in these mice. First, we 

examined naïve E-Atg5 KO mice and in agreement with previous reports, epithelial cell-

intrinsic autophagy was not required for the development of Paneth cells but played a role in 

their ability to produce AMPs (Cadwell et al., 2008; Lassen et al., 2014). This was evident 

as a similar number of Paneth cells per intestinal crypt were seen in E-Atg5 KO mice when 

compared to WT controls (Supplemental Fig. 1A,B). Examination of two representative 

Paneth cell-specific antimicrobial peptides, Defcr2 and Defa6, revealed that naïve E-Atg5 

KO mice have partially reduced expression of AMPs compared to WT mice (Supplemental 

Fig. 1C).

A thorough histologic examination of small intestines isolated from T. gondii-infected mice 

revealed that Atg5-sufficient mice develop substantial inflammatory cell infiltrates, but 

overall preserved structure and integrity of the epithelium (Fig. 2B). In striking contrast, E-

Atg5 KO mice exhibited extreme immunopathology throughout the entire small intestine. 

All crypts in T. gondii infected E Atg5 KO mice were completely destroyed, with only 

inflammatory infiltrates remaining (Fig. 2B). Thus, loss of Atg5 in the small intestinal 

epithelium leads to a substantial increase in susceptibility to T. gondii-mediated intestinal 

damage.

In addition to the severe intestinal inflammation, T. gondii infection resulted in a complete 

loss of Paneth cells in the intestines of E-Atg5 KO mice (Fig. 2C). This was particularly 

evident by histological analysis of the glycoproteins in the cells of small intestine that allows 

the definitive histological identification of Paneth cells (Fig. 2D-F).

Loss of intestinal epithelial Atg5 does not lead to uncontrolled T. gondii pathogen burden 
or to elevated IFN-γ production.

Intact expression of Atg5 is known to be essential for in vivo resistance to the intracellular 

pathogens including T. gondii, since the lack of Atg5 in macrophages prevents IFN-γ-

induced parasite clearance (Zhao et al., 2008). We next examined if similar to myeloid cells, 

epithelial cell-intrinsic Atg5 is involved in controlling T. gondii parasites. Our experiments 

revealed that deletion of Atg5 in epithelial cells has no effect on T. gondii pathogen burden 

measured in all examined tissues, including liver and spleen (Fig. 2G, H).
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To determine if the enhanced mortality and intestinal pathology in E-Atg5 KO mice is 

caused by uncontrolled production of IFN-γ, we next compared the levels of IFN-γ 
triggered by T. gondii infection in WT and E-Atg5 KO mice. We observed that both the 

expression levels in the intestine and the amount of secreted IFN-γ detectable in blood were 

indistinguishable between the experimental groups (Fig. 2I, J). Furthermore, no difference in 

induction of Th1 cells was detected in draining lymph nodes and spleens of T. gondii-
infected E-Atg5 KO and WT mice (Supplemental Fig. 2A-C). These results ruled out a 

possibility that uncontrolled expression of IFN-γ might result in enhanced intestinal 

immunopathology and loss of Paneth cells in E-Atg5 KO mice infected with T. gondii. We 

also observed no difference in the absolute numbers of the examined infiltrating cells in the 

lamina propria of small intestines among T. gondii-infected WT and E-Atg5 KO mice 

(Supplemental Fig. 3).

In the search for the factors that could explain the enhanced susceptibility of the autophagy-

deficient mice to T. gondii, we observed that TNF expression levels in intestines of naïve E-

Atg5 KO mice were significantly elevated in comparison to naïve WT counterparts (Fig. 

2K). During oral T. gondii infection, infected E-Atg5 KO mice demonstrated a further 

increase in TNF levels compared to WT mice infected with the parasite (Fig. 2K). Combined 

with the previous reports describing a major role for TNF in intestinal inflammation (Egan et 

al., 2009; Liesenfeld, 2002; Liesenfeld et al., 1999), our data prompted us to investigate if 

enhanced intestinal pathology and loss of Paneth cells in E-Atg5 KO mice is in part due to 

exaggerated TNF elevation caused by the parasitic infection.

Autophagy-deficient intestinal organoids exhibit enhanced susceptibility to cytokine-
mediated cell death

To assess if Atg5 deficiency influences the sensitivity of Paneth cells to TNF, we took 

advantage of intestinal organoids as an experimental system to examine the sensitivity of 

Paneth cells to TNF-dependent intestinal inflammation in the presence or absence of 

functional cell-intrinsic Atg5. In this system Paneth cells were visualized by light 

microscopy as granule-containing cells in the budding crypt-like structures of the organoids 

developed from both WT and Atg5-deficient epithelial stem cells (black arrowheads, Fig. 

3A). The presence of Paneth cells in organoids generated from both WT and E-Atg5 KO 

mice was verified by immunofluorescence utilizing UEA-1 in combination with lysozyme 

staining, which is a Paneth cell-specific AMP (yellow arrowheads, Fig. 3A). To induce 

intestinal cell death, the intestinal organoids generated from WT or E-Atg5 KO mice were 

treated with TNF (Fig. 3B). We observed that while twelve hour TNF stimulation alone 

resulted in minimal WT organoid death, similar treatment resulted in death of half of E-Atg5 

KO organoids (Fig. 3B, C). Extending TNF stimulation time to 24 hours led to nearly 

complete death in the E-Atg5 KO organoids, whereas the WT organoids remained alive and 

intact (Supplemental Fig. 4). Organoid death was quantified as loss of epithelial integrity 

and impaired lumen formation associated with the appearance of the individual cells and 

debris seen on the exterior of the organoid.

To recapitulate intestinal inflammation in the presence of IFN-γ, intestinal organoids were 

exposed to IFN-γ. We observed that IFN-γ stimulation failed to cause the death of the 

Burger et al. Page 6

Cell Host Microbe. Author manuscript; available in PMC 2019 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intestinal organoids (Fig 3B,C), but instead resulted in the progressive and selective loss of 

Paneth cells, but no difference in the cytokine-induced cell death was observed between WT 

and Atg5-deficient organoids (Fig. 3D and data not shown). Combination of TNF with IFN-

γ led to an increase in organoid death versus TNF alone in both strains of organoids, 

revealing that IFN-γ potentiated the sensitivity to cell death (Fig. 3B,C). Overall, these 

results revealed that epithelial cell-restricted Atg5 deficiency resulted in increased sensitivity 

to TNF-mediated cell death.

Immunopathology of Atg5 deficiency originates from Paneth cells

A major inadequacy of the use of E-Atg5 KO mice is that while pan-epithelial deletion of 

Atg5 targets Paneth cells, it is not restricted to this cell type. This substantially limits 

interpretations that the observed enhanced immunopathology and susceptibility to T. gondii 
of E-Atg5 KO mice are the result of impaired autophagic machinery in Paneth cells. To 

overcome this limitation, we generated Paneth-cell specific Atg5-deficient mice by crossing 

the same Atg5Flox/Flox mice with αDefensin4-IRES-Cre knock-in animals (PC-Atg5 KO 

mice, Supplemental Fig. 5). Due to the Paneth cell-restricted expression of αDefensin-4, Cre 

recombinase is selectively expressed in Paneth cells in these mice as is evident from the 

analysis of αDefensin4 -IRES-Cre x TdTomato-Rosa26 reporter (Fig. 4A). In these reporter 

mice TdTomato expression was limited to lysozyme-expressing Paneth cells located at the 

base of the intestinal crypts and was not detected in any other examined cell type (Fig. 4 and 

data not shown). Furthermore, similar to Atg16L1-deficient mice (Cadwell et al., 2008), the 

Paneth cell-specific deletion of Atg5 resulted in notable abnormalities in granule 

morphology, specifically hypomorphic and reduced granule numbers per Paneth cell without 

affecting the total numbers of Paneth cells in naïve PC-Atg5 KO mice (Fig. 4B,C). Similarly 

to E-Atg5 KO mice, PC-Atg5 KO mice exhibit partially reduced expression of AMPs such 

as Defcr2 (Fig. 4D).

The Paneth cell-specific reporter mice infected with T. gondii provided direct evidence for 

the Paneth cell loss in response to T. gondii infection, since in addition to the loss of the 

RNA transcripts for the Paneth cell-specific AMPs, we observed both nearly complete 

disappearance of TdTomato+ cells by immunofluorescence and the RNA transcript for the 

Cre recombinase selectively expressed in Paneth cells in response to T. gondii infection (Fig. 

4E-G). Most importantly, when PC-Atg5 KO mice were infected with T. gondii, the 

observed intestinal pathology largely recapitulated the phenotype seen in E-Atg5 KO mice. 

Similar to E-Atg5 KO mice, all crypts and Paneth cells in T. gondii-infected PC-Atg5 KO 

mice were completely destroyed (Fig. 5A). We also observed that PC-Atg5 KO mice are 

highly susceptible to T. gondii and their mortality was only slightly delayed when compared 

to E-Atg5 KO mice (Fig. 5B). These results established both a crucial role for Atg5 in 

Paneth cells, and also suggest that Atg5 plays additional functions in other epithelial cells 

important for host defense (Fig 5B). Similar to E-Atg5 KO mice, the Paneth cell-specific 

abrogation of Atg5 was sufficient for the most profound loss of Paneth cells (Fig 5C), but it 

was not associated with increased parasite burden, systemic dissemination of the intestinal 

bacteria, or production of IFN-γ and TNF by CD4+ T cells at the site of infection (Fig. 5D-

G). Instead, we observed that Paneth cell-specific disruption of Atg5 was sufficient for the 

impaired control of the luminal bacteria that were in close contact with the intestinal 
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epithelial cells in T. gondii-infected E-Atg5 KO and PC-Atg5 KO mice (Fig. 5H). The lack 

of Atg5 in Paneth cells or all intestinal enterocytes shortened the distance separating villi 

from the microbiota (Fig 5H, I). Furthermore, lack of Atg5 in Paneth cells resulted in 

impaired intestinal barrier function as was evident from the increased intestinal permeability 

measured by a FITC-labeled dextran method (Fig 5J), and the appearance of LPS in the 

circulation of E-Atg5 KO and PC-Atg5 KO mice infected with T. gondii (Fig. 5K). Thus, the 

use of PC-Atg5 KO mice revealed that the lack of Atg5 only in Paneth cells exacerbated the 

intestinal immunopathology caused by T. gondii infection and was sufficient for the acute 

mortality of mice during the parasitic infection.

Intestinal inflammation in Atg5-deficient intestines is driven by the microbiota

Our previous experiments revealed that microbiologically sterile germ-free mice infected 

with T. gondii retain their Paneth cells and do not develop intestinal inflammation (Raetz et 

al., 2013). Combined with our observation that T. gondii infection results in impaired 

intestinal control of microbiota (Fig. 5H, I) and increased intestinal permeabilization (Fig. 

5J, K), we examined if depletion of the intestinal microbiota by antibiotics prevents the loss 

of Paneth cells in T. gondii- infected E-Atg5 KO and PC-Atg5 KO mice.

We observed that reduction of intestinal microbiota resulted in greatly weakened Th1 

responses in all experimental groups independently of Atg5 expression in Paneth cells or all 

epithelial cells (Fig. 6A-D and Supplemental Fig. 6). Similar to WT controls, both E-Atg5 

KO and PC-Atg5 KO mice developed an attenuated Th1 response when intestinal bacteria 

were depleted by antibiotic treatment. Furthermore, lack of intestinal bacteria completely 

prevented the loss of Paneth cells even in the absence of Atg5 (Fig. 6E). This was evident 

from the quantification of Paneth cells in the intestinal crypts and during the analysis of the 

RNA transcripts for the Paneth cell specific proteins (Fig. 6F, G) that correlated with the 

abolished intestinal IFN-γ production in the antibiotic-treated mice (Fig. 6H), further 

emphasizing a crucial role for this cytokine in the regulation of Paneth cell biological 

functions.

Inflammatory cytokines are critical mediators of T. gondii-mediated pathology

Next we formally examined the contributions of TNF and IFN-γ in driving intestinal 

pathology in E-Atg5 KO and PC-Atg5 KO mice. Control, E-Atg5 KO, and PC-Atg5 KO 

mice were infected with T. gondii alone or with the additional supplementation of TNF or 

IFN-γ blocking antibodies. As expected, all WT controls developed intestinal inflammation 

that was completely prevented with anti-IFN-γ antibody (Fig. 7A-C). In addition, anti-TNF 

treatment attenuated inflammation and partially prevented the loss of Paneth cells in WT 

mice. Similarly to the control mice, anti-IFN-γ treatment during T. gondii infection resulted 

in the prevention of the Paneth cell loss in both E-Atg5 KO and PC-Atg5 KO. In addition, 

similar to the results with the intestinal organoids, TNF was responsible for the loss of the 

intestinal architecture in both E-Atg5 KO and PC-Atg5 KO mice, as anti-TNF treatment 

decreased the intestinal pathology, even though it was not sufficient to prevent the loss of 

Paneth cells caused by T. gondii infection (Fig. 7).

Burger et al. Page 8

Cell Host Microbe. Author manuscript; available in PMC 2019 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Overall, our experiments established that intestinal microbiota drives the autophagy in 

Paneth cells via induction of basal levels of IFN-γ. At the same time, Paneth cell autophagy 

is essential for the regulation of epithelial homeostasis during type I intestinal inflammation 

caused by IFN-γ in part by to the regulation of the local epithelial cell-mediated control of 

the intestinal bacteria and regulation of Paneth cell responsiveness to TNF. The lack of Atg5 

specifically in Paneth cells results in the microbiota-dependent IFN-γ and TNF-mediated 

intestinal damage during infection with a common parasite T. gondii that leads to lethal 

intestinal permeability. Taken together, we revealed a protective role for Paneth cell-intrinsic 

expression of Atg5 in preserving tissue integrity in response to cytokine-mediated 

inflammation.

Discussion

The use of autophagy reporter and Paneth cell-intrinsic Atg5 deficient mice allowed us to 

identify that under steady state conditions, intestinal microbiota-driven IFN-γ is a central 

inducer of Paneth cell autophagy. The protective role of autophagy in epithelial homeostasis 

was revealed during acute mucosal responses to a protozoan parasite T. gondii in vivo and in 

intestinal organoids in vitro. Epithelial cell- and Paneth cell-restricted Atg5 deficiency 

results in susceptibility to T. gondii associated with severe immunopathological changes in 

the small intestine of infected mice. Intestinal organoids further proved an essential role of 

autophagy in resistance to cytokine-mediated epithelial cell death.

Autophagy is a fundamental cellular process required for the recycling of intracellular 

components. It is indispensable for a variety of developmental processes, regulating cellular 

stress and orchestrating host defense responses (Deretic et al., 2013). Immunity to all groups 

of pathogens, including prions (Heiseke et al., 2010), viruses (Dong and Levine, 2013), 

bacteria (Benjamin et al., 2013; Jia et al., 2009; Py et al., 2007), and parasites (Choi et al., 

2014; Ling et al., 2006; Selleck et al., 2015; Zhao et al., 2008) depends on autophagy to 

coordinate an immune response that leads to direct or indirect pathogen elimination in 

infected cells. This is particularly well illustrated in cells infected with T. gondii. 
Stimulation of macrophages by IFN-γ or CD40 leads to the lysosomal destruction of T. 
gondii parasites inside infected cells (Van Grol et al., 2013). More recently it was shown that 

IFN-γ-dependent control of T. gondii in human macrophages depends on ubiquitination and 

core autophagy proteins that mediate membrane engulfment and restriction of parasite 

growth (Clough et al., 2016; Coers and Haldar, 2015; Lee et al., 2015; Selleck et al., 2015).

What is less understood are the drivers of autophagy under steady-state and inflammatory 

conditions, and the broader immunoregulatory role for autophagy in addition to direct 

pathogen elimination in infected cells. This is especially relevant to Paneth cells, highly 

specialized cells constitutively producing antimicrobial peptides in small intestine. The 

importance of the intact autophagy system in Paneth cells is strongly supported by clinical 

observations, in which polymorphisms in autophagy-associated genes, such as ATG16L1 
and IRGM, are linked to Crohn’s disease (Cadwell et al., 2009c; Lassen et al., 2014; Liu et 

al., 2013). Detailed analysis of Atg16l1 hypomorphic mice revealed an autophagy-dependent 

mechanism for the accumulation, sorting, and secretion of granules containing the 

antimicrobial proteins (Cadwell et al., 2008).
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In this report we found that basal microbiota-driven production of IFN-γ in the small 

intestine is a major inducer of autophagy in Paneth cells. Importantly, while treatment of 

GFP-LC3 mice with IFN-γ blocking antibody did not impact overall Paneth cell numbers, 

there was a major decrease in GFP-LC3+ Paneth cells. In addition, the remaining GFP-

LC3+ Paneth cells showed a dramatic drop in the absolute numbers of autophagic vesicles. 

These experiments revealed that Paneth cell autophagy, which was previously considered 

constitutive, is in reality an IFN-γ-inducible mechanism.

This may have a major implication in intestinal homeostasis, since both upregulation of IFN-

γ and Paneth cell-specific autophagy are associated with inflammatory bowel disease 

development (Cadwell et al., 2009c). While the observed intestinal expression of IFN-γ can 

be induced by multiple factors, antibiotic treatment dramatically reduced the levels of IFN-γ 
and the appearance of GFP-LC3-containing vesicles, strongly suggesting that the intestinal 

microbiota is a major factor responsible for the basal autophagy detected in Paneth cells.

We initially hypothesized that additional induction of IFN-γ during the mucosal response to 

T. gondii leads to excessive autophagy activation and unintentional Paneth cell elimination. 

Contrary to our hypothesis, the experimental analysis of T. gondii-infected PC-Atg5 KO and 

E-Atg5 KO mice revealed that elimination of Atg5 only in Paneth cells or in all enterocytes 

did not protect Paneth cells from IFN-γ-dependent cell death. Instead, we revealed that the 

lack of Atg5 resulted in profound intestinal immunopathology characterized by near 

complete elimination of all epithelial cells, including Paneth cells. It is important to note that 

the impairment in the intestinal epithelium was not seen in naïve autophagy-deficient mice, 

suggesting that the noticeable protective effects of epithelial intrinsic Atg5 can in particular 

be exposed under inducible inflammatory conditions. The elevated levels of TNF seen in 

naïve PC-Atg5 KO and E-Atg5 KO mice that are further elevated during mucosal response 

to T. gondii are a central element of the immunopathological response seen in the infected 

mice. This conclusion was confirmed with the de novo generated intestinal organoids from 

E-Atg5 KO and PC-Atg5 KO mice. Most importantly, we revealed a direct connection 

between microbiota-dependent induction of IFN-γ that plays a key role in the induction of 

the intestinal tissue-protective autophagy in Paneth cells.

Taken together, our experiments revealed that microbiota- and IFN-γ-driven Paneth cell-

specific Atg5 plays a critical immunoregulatory function and protects epithelial cells during 

acute cytokine-mediated intestinal inflammation.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Felix Yarovinsky (felix_yarovinsky@URMC.Rochester.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—C57BL/6 mice were originally purchased from the Jackson Laboratories and were 

maintained in the pathogen-free animal facility at the University of Rochester School of 

Medicine and Dentistry. The breeding pairs of GFP-LC3 mice (Hara et al., 2006) and 
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Atg5flox/flox x Villin-cre (E-Atg5 KO) mice (Benjamin et al., 2013) were provided by Beth 

Levine and Lora Hooper (UT Southwestern Medical Center), all on a C57/B6 background. 

Villin-Cre mice (Madison et al., 2002) were purchased from the Jackson Laboratory. Germ-

free C57BL/6 mice were bred and maintained at the University of Rochester School of 

Medicine and Dentistry. αDefensin4 IRES-cre (Paneth cell-specific, PC-cre) mice were 

backcrossed to B6 mice (N7) and then crossed to TdTomato-Rosa26 reporter mice (B6 

background) to generate TdTomato-Rosa26/PC-cre mice and to Atg5flox/flox mice to 

generate Atg5flox/flox x Paneth cell-cre (PC-Atg5 KO) mice. Mice for all experiments were 

age- and sex-matched. This study included both male and female mice, and the data derived 

from male and female mice identified no sex-specific differences in the performed 

experiments.

All mice were maintained in the pathogen-free animal facility at the University of Rochester 

School of Medicine and Dentistry, Rochester, NY. All animal experimentation was 

conducted in accordance with the guidelines of the University of Rochester’s University 

Committee on Animal Resources (UCAR), the Institutional Animal Care and Use 

Committee (IACUC). All animal experimentation in this study was reviewed and approved 

by the University of Rochester’s University Committee on Animal Resources (UCAR), the 

Institutional Animal Care and Use Committee (IACUC).

The genotypes of all mice were verified with the following genotyping primers: GFP-LC3: 

5′-ATAACTTGCTGGCCTTTCCACT-3′, 5′-CGGGCCATTTACCGTAAGTTAT-3′ and 

5′-GCAGCTCATTGCTGTTCCTCAA-3′; Atg5: 5’-

GAATATGAAGGAACACCCCTGAAATG-3’, 5′-

GTACTGCATAATTGGTTTAACTCTTGC-3’ and 5′-

ACAACGTCGAGCACAGCTGCGCAAGG-3’, Villin-Cre: oIMR0015, 5’-

CAAATGTTGCTTGTCTGGTG-3’, oIMR0016, 5’-GTCAGTCGAGTGCACAGTTT-3’, 

oIMR1878, 5’-GTGTGGGACAGAGAACAAACC-3’, oIMR1879 and 5’-

ACATCTTCAGGTTCTGCGGG-3’, TdTomato: 5’-AAGGGAGCTGCAGTGGAGTA-3’, 

5’-CCGAAAATCTGTGGGAAGTC-3’, 5’-GGCATTAAAGCAGCGTATCC-3’, 5’-

CTGTTCCTGTACGGCATGG-3’, Generic cre: 5’-

GCGGTCTGGCAGTAAAAACTATC-3’, 5’-GTGAAACAGCATTGCTGTCACTT-3’, 5’-

CTAGGCCACAGAATTGAAAGATCT-3’, 5’-GTAGGTGGAAATTCTAGCATCATCC-3’.

METHOD DETAILS

Toxoplasma gondii infection and histopathology—Me49 strain T. gondii tissue cyst 

(bradyzoite) stages were maintained through serial passage in Swiss Webster mice. For 

infections, brains of chronically (three months) infected mice were mechanically separated 

by passage through a series of 18-gauge, 20-gauge, and 22-gauge needles. Experimental 

mice were orally infected with 20 T. gondii brain cysts (ME49 strain). Portions of small 

intestine were fixed in Carnoy’s fixative, embedded in paraffin and stained with hematoxylin 

and eosin (H&E) or Alcian blue/Periodic Acid Schiff (PAS). Paneth cells were identified 

based on their morphology of large granule-containing cells and a basolateral nucleus at the 

base of the intestinal crypt. Quantification of Paneth cells per intestinal crypt was performed 

in a double blinded manner.
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In some experiments, mice were injected i.p. with 200 μg anti-IFN-γ (clone XMG1.2, 

BioXCell) or 200 μg αTNF (clone XT3.11, BioXCell) on day 0, 2, 4 and 6 post-infection. 

Depletion of commensal bacteria was achieved by providing mice with 10 days of antibiotic 

water containing ampicillin (1 mg/ml), streptomycin (1 mg/ml), neomycin (1 mg/ml), 

metronidazole (1 mg/ml), and vancomycin (500 μg/ml) as previously described (Kirkland et 

al., 2012).

For immunofluorescence, small intestines were divided on 16 equal parts and ‘segment 8’ 

was used for the analysis after fixation in 4% paraformaldehyde in PBS for 4 hours. 

Embedded and frozen in OCT compound (Tissue-Tek) intestine sections of 8μm were 

permeabilized with 0.2% Triton-X in PBS, and blocked with 0.1% Triton-X with 5% 

Normal Goat Serum in PBS. GFP-LC3 sections were incubated with anti-GFP Alexa Fluor 

488 (Molecular Probes) and UEA-TRITC for 1 hour at room temperature, counterstained 

with Syto62 (Molecular Probes) and mounted in ProLong Gold (Molecular Probes). 

Specimens were imaged with a Leica SPE system fitted with a Leica 63X objective NA 1.4. 

Quantification of GFP-LC3+ puncta was performed in a double blinded manner.

TdTomato-Rosa26/PC-cre sections were incubated with primary antibody against lysozyme 

(rabbit polyclonal; Dako) in 0.05% Triton X-100/PBS overnight at 4°C. Slides were washed 

and incubated with goat anti-rabbit Alexa Fluor 488 (Molecular Probes) for 1 hour at room 

temperature. After washing, nuclei were stained with DAPI (Sigma-Aldrich) for 10 minutes. 

Images were taken with an inverted microscope (Leica DMi8) using a Leica 10X objective.

For electron microscopy analysis, the small intestines were fixed in 2.5% glutaraldehyde in 

0.1 M sodium cacodylate, followed by 1% osmium tetroxide in 0.1 M sodium cacodylate. 

The samples were embedded in epoxy resin (University of Rochester Electron Microscopy 

Core) and polymerized at 70 °C. Ultrathin sections were cut at 70 nm and stained with 

uranyl acetate and lead citrate. Sections were examined at 120 KV with a Hitachi 7650 

Analytical TEM with an Erlangshen 11 megapixel digital camera and Gatan software for 

imaging and morphometric analysis.

For in situ hybridization, after deparaffinization and rehydration in hybridization buffer (0.9 

M NaCl, 0.1% SDS and 20 mM Tris-HCl, pH 7.4), the small intestines were incubated 

overnight at 50 °C in the dark with Alexa-532-conjugated Eubacteria EUB338 (5′- 

GCTGCCTCCCGTAGGAGT-3′) probe for bacterial 16S rRNA genes (Jansen et al., 2000). 

The probe was diluted to final concentration of 1 ng/μl in hybridization solution. The 

sections were then washed three times with a hybridization solution for 15 min, 

counterstained with DAPI and mounted using ProLong Gold Antifade Reagent (Invitrogen). 

The sections were imaged with an inverted microscope (Leica DMi8) using a Leica 10X 

objective.

Intestinal crypt isolation and organoid culture—Intestinal organoids were generated 

from the small intestine as previously described (Sato et al., 2009). Briefly, the proximal 

small intestine was dissected, rinsed with PBS, minced and incubated in 2.5mM EDTA in 

PBS for 30 minutes at 4°C with gentle agitation. This mixture was passed through a 70μm 

cell strainer and pelleted. Isolated crypts were resuspended in Matrigel (Corning) and plated 
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in 50μl drops on pre-warmed wells in a 24 well plate. After polymerization, 500μL of 

complete growth medium (Advanced DMEM/F-12 supplemented with EGF (Peprotech), 

Noggin (Peprotech), N2 (Life Technologies), B27 (Life Technologies), Glutamax (Life 

Technologies), Penicillin/Streptomycin (Life Technologies), HEPES (Life Technologies), N-

Acetylcysteine (Sigma-Aldrich) and R-Spondin) was added and refreshed every 2–3 days.

Quantitative Real-Time PCR—Total RNA was isolated from the small intestines 

(‘segment 8’) of naïve or T. gondii-infected mice using Trizol (Life Technologies) and 

subjected to first-strand cDNA synthesis using iScript Reverse Transcription Supermix for 

RT-qPCR (BioRad). Real-time PCR was performed using Ssofast Eva Green Supermix 

(BioRad). The relative expression of each sample was determined after normalization to 

housekeeping gene HPRT using the ddCt method. The following primers were used for 

analysis of the gene expression: Cryptdin 2 (Defcr2) 5′-CCAGGCTGATCCTATCCAAA-3′ 
and 5′-GTCCCATTCATGCGTTCTCT-3′;

Defensin 6 (Defa6) 5’-CCTTCCAGGTCCAGGCTGAT-3’and 5’-

TGAGAAGTGGTCATCAGGCAC-3’(Farin et al., 2012); TNF 5’-

GCCTCTTCTCATTCCTGCTTGT-3’ and 5’- GGCCATTTGGGAACTTCTCAT-3’; 

Lysozyme 1 (Lyz1) 5’-GCCAAGGTCTACAATCGTTGTGAGTTG-3’, 5’-

CAGTCAGCCAGCTTGACACCACG-3’; Cre 5’-GATTTCGACCAGGTTCGTTC-3’, 5’- 

GCTAACCAGCGTTTTCGTTC-3’; TNF receptor type I (TNFR1) 5’-

GGGCACCTTTACGGCTTCC-3’ and 5’-GGTTCTCCTTACAGCCACACA-3’; TNFR2 5’- 

CAGGTTGTCTTGACACCCTAC-3’ and 5’-GCACAGCACATCTGAGCCT-3’; IFN-γ 5’- 

ACTGGCAAAAGGATGGTGAC-3’ and 5’-TGAGCTCATTGAATGCTTGG-3’.

For intestinal microbiota studies, the relative abundancies of Bacteroides, Firmicutes, and 

Proteobacteria (family Enterobacteriaceae) were measured by qPCR with a MyiQ Real-Time 

PCR Detection System. Bacterial primers used are as follows: Eubacteria 5′-

ACTCCTACGGGAGGCAGCAGT-3′ and 5’-ATTACCGCGGCTGCTGGC-3′; γ-

Proteobacteria 5′-TAACGCTTGGGAATCTGCCTRTT-3′ and 5′-

CATCTRTTAGCGCCAGGCCTTGC- 3′; Bacteroidetes 5′-

GGTTCTGAGAGGAGGTCCC-3′ and 5′-GCTGCCTCCCGTAGGAGT-3′; Firmicutes 5′-

GGAGYATGTGGTTTAATTCGAAGCA-3′ and 5′-

AGCTGACGACAACCATGCAC-3′ as previously described (Raetz et al., 2013). For T. 
gondii pathogen loads, total genomic DNA from organs was isolated by using the DNeasy 

Blood and Tissue Kit (Qiagen) according to the manufacturers’ instructions. RT-qPCR and 

downstream analysis were performed as described above. Genomic DNA was compared 

with a defined copy number standard of the T. gondii gene B1. T. gondii-specific primers: 

forward primer 5′- TCCCCTCTGCTGGCGAAAAGT-3′ and reverse primer 5′- 

AGCGTTCGTGGTCAACTATCGATTG-3′.

In vivo intestinal permeability assay—Intestinal barrier function was assessed by an 

intestinal permeability assay using a FITC-labeled dextran method, as described previously 

(Furuta et al., 2001). Briefly, food and water were removed for 4 hours, followed by oral 

gavage with 60mg/100g body weight of FITC-labeled dextran 4kD (Sigma-Aldrich). Serum 
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was collected five hours later retro-orbitally and fluorescence intensity was measured 

(excitation 485nm, emission 528nm). FITC-dextran concentration was calculated using a 

standard of serially diluted FITC-dextran.

ELISA and serum endotoxin analysis—The IFN-γ concentration in the sera was 

analyzed by standard sandwich ELISA kit according to manufacturer’s instructions 

(eBioscience). Lipopolysaccharide (LPS) levels in the sera were analyzed using the LAL 

Chromogenic Endotoxin Quantification kit (Thermo) per manufacturer’s instructions.

Measurements of CD4+ T-Cell Responses—To assay the responses of mice infected 

with T. gondii, the mesenteric lymph nodes and spleens were harvested from WT, E-Atg5 

KO, and PC-Atg5 KO mice on day 7 post-infection. Single cell suspensions were 

restimulated with 1 mg/ml αCD3 (BD Biosciences) for 5 hours in the presence of GolgiPlug 

(Brefeldin A, BD Biosciences). After in vitro restimulation, the cells were washed once in 

PBS + 1% FBS and stained with fluorochrome-conjugated antibodies according to the 

manufacturer’s instructions. For intracellular staining and subsequent washing, cells were 

permeabilized overnight at 4 °C with the Foxp3/ Transcription Factor Staining Buffer Set 

according to the manufacturer’s instructions (eBioscience). The following antibodies were 

used for surface or intracellular staining: αCD4 (BD Bioscience; clone GK1.5), αIFN-γ 
(BD Bioscience; XMG1.2), αTNF (eBioscience; clone MP6-XT22). Cell fluorescence was 

measured using an LSRII flow cytometer, and data were analyzed using FlowJo software 

(Tree Star).

Organoid stimulation and imaging—Organoids were stimulated by addition of 

recombinant murine IFN-γ (100ng/ml; R&D Systems) and/or mTNF-α (5ng/ml; 

Peprotech) for 24 hours. Organoid death was described when the integrity of the structure 

was lost and individual cells were seen on the exterior of the organoid. Organoid RNA was 

isolated using a PureLink RNA Mini Kit (Invitrogen) and subjected to first-strand cDNA 

synthesis using iScript Reverse Transcription Supermix for RT-qPCR (BioRad). Real-time 

PCR and downstream analysis was performed as previously described.

For immunofluorescence, organoids were fixed in 4% paraformaldehyde for 2 hours and 

permeabilized with 0.2% Triton X-100 in PBS for 1 hour at room temperature. Samples 

were incubated with primary antibody against lysozyme (rabbit polyclonal; Dako) in 0.05% 

Triton X- 100/PBS for 1 hour. Organoids were then washed and incubated with goat anti-

rabbit Alexa Fluor 488 (Molecular Probes) and Ulex europaeus agglutinin (UEA) 

conjugated to TRITC (Sigma-Aldrich) for 1 hour at room temperature. After washing, nuclei 

were stained with DAPI (Sigma-Aldrich) for 10 minutes. Images of crypt organoids were 

taken with an inverted microscope (Zeiss AxioVert) using a 40x objective.

Statistical analysis—All data were analyzed with Prism (version 6; Graphpad). These 

data were considered statistically significant when P values were less than 0.05 by two tailed 

t test. Image datasets were processed using Leica Advanced Fluorescence software (Leica) 

and Image J software (National Institutes of Health).
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Basal Paneth cell autophagy is driven by the microbiota and IFN-γ

• Paneth cell autophagy protects against acute infection

• Loss of Paneth cell autophagy results in impaired intestinal permeability

• Loss of Paneth cell autophagy leads to TNF- and IFN-γ mediated intestinal 

pathology
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Figure 1: Paneth cell autophagy is microbiota- and IFN-γ-dependent.
(A) Immunofluorescence of intestinal crypts of naïve GFP-LC3 mice for Paneth cells (UEA, 

red), LC3 (green), and nucleic acid (Syto62, blue). Bar = 20um. Results are representative of 

three independent experiments. (B) Quantification of GFP-LC3+ cells in the Paneth cells 

and enterocytes in the intestinal epithelium from naïve (n=3) mice. Results are representative 

of three independent experiments. ***P<0.0001. (C) Mice were treated with antibiotic water 

(ampicillin, streptomycin, neomycin, metronidazole, vancomycin) for 10 days and analyzed 

by immunofluorescence for Paneth cells (UEA, red), LC3 (green), and nucleic acid (Syto62, 

blue). Quantification of number of GFP-LC3+ cells per crypt (D) and number of GFP-LC3+ 

puncta per cell (E) in naïve (white) and antibiotic treated (green) mice. The results are 

representative of three independent experiments involving at least three mice per group. 

***P<0.0001. Data shown are mean ± s.d. (F) qRT-PCR analysis of relative IFN-γ 
expression, measured in the small intestines of control (CONV), antibiotic-treated mice 

(CONV+Abx), and (G) microbiologically sterile germ-free (GF) mice (n=6) (H) Mice were 

treated with anti-IFN-γ blocking antibody and analyzed by immunofluorescence for Paneth 

cells (UEA, red), LC3 (green), and nucleic acid (Syto62, blue). (I) Quantification of number 

of GFP-LC3+ cells per crypt and (J) number of GFP-LC3+ puncta per cell in control (white) 

and treated (green) mice. The results are representative of three independent experiments 

involving at least three mice per group. ***P<0.0001. Data shown are mean ± s.d.
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Figure 2: Loss of intestinal epithelial autophagy increases immunopathology in response to T. 
gondii.
(A) Survival of WT (open circles) and E-Atg5 KO (black circles) mice during oral infection 

with 20 cysts ME49 T. gondii from a combination of three experiments, each involving at 

least three mice per group. P<0.0001. Histological analysis of small intestines of naïve and 

infected WT and E-Atg5 KO mice with 20 cysts of ME49 T. gondii on day 7 by (B,C) H&E 

and (D,E) Alcian Blue/PAS staining at 10x (B,D) and 40x (C,E). Image fields are 

representative of pathology in multiple tissue sections, and chosen sections were selected by 

blinded observation. (F) Quantification of number of Paneth cells in T. gondii-infected WT 

and E-Atg5 KO mice on day 7 post infection. Quantification of number of Paneth cells in 

naïve mice (100%) is marked by the dotted line. Paneth cells were identified based on their 

morphology of large granule-containing cells and a basolateral nucleus at the base of the 

intestinal crypt. (G) Analysis of T. gondii parasite loads by qRT-PCR in spleen and (H) liver. 

(I) qRT-PCR for IFN-γ transcript in the small intestine and (J) ELISA for IFN-γ in sera of 

naïve and T. gondii-infected mice. (K) qRT-PCR analysis of relative small intestinal TNF. 
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Results are representative of four independent experiments involving at least four mice per 

group. *P<0.05, **P<0.005. NS = not significant, error bars = mean ± s.d.
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Figure 3: Intestinal organoids lacking Atg5 are more sensitive to cytokine-mediated death.
(A) Intestinal organoids were generated from small intestinal stem cells isolated from crypts 

of WT and E-Atg5 KO mice (left, scale bar 10 μm). Paneth cells were visualized by light 

microscopy (center panel, black arrowheads) and immunofluorescence (yellow arrowheads 

indicating colocalization of Paneth cell markers UEA (red) and lysozyme (green), scale bar 

50μm). (B) Organoids were stimulated with TNF (5ng/ml), IFN-γ (100ng/ml), or both 

cytokines for 12 hours and imaged by light microscopy. Scale bar 50 μm (C) Quantification 

of death in WT and E-Atg5 KO organoids, characterized by loss of epithelial integrity by 

light microscopy. (D) qRT-PCR analysis of organoids stimulated with IFN-γ (100ng/ml) for 

relative Defcr2 and Defa6 expression. Results are representative of four independent 

experiments involving at least four mice per group. *P<0.05, *P<0.005. Data shown are 

mean ± s.d.
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Figure 4: Generation of Paneth cell-specific autophagy-deficient mice.
(A) Representative images of TdTomato-Rosa26/Defa4-cre reporter mice and WT (controls). 

Co-localization of Defa4 Cre-driven TdTomato expression (red) with lysozyme-expressing 

Paneth cells (green) and DAPI (blue). (B) Representative hematoxylin and eosin (left) and 

TEM images (right) of WT and PC-Atg5 KO small intestines. Granule-filled Paneth cells 

outlined in yellow. (C) Quantification of Paneth cells per crypt in naïve WT and PC-Atg5 

KO mice and (D) qRT-PCR analysis of relative small intestinal Defcr2 expression. (E) qRT-

PCR analysis for relative Defcr2, Defa6 and Lyz1 expression and (F) Cre transcripts in naïve 

and T. gondii-infected TdTomato-Rosa26/Defa4-cre mice. (G) Representative images of 

naïve and T. gondii-infected TdTomato-Rosa26/Defa4-cre mice, counter-stained with 

lysozyme (green) and DAPI (blue). Results are representative of four independent 
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experiments involving at least four mice per group. *P<0.05, NS = not significant, data 

shown are mean ± s.d.
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Figure 5: Immunopathology of Atg5 deficiency originates from Paneth cells.
(A) Representative 10x H&E images of WT, E-Atg5 KO, and PC-Atg5 KO mice on day 7 

post infection. (B) Survival of WT, E-Atg5 KO and PC-Atg5 KO mice during oral infection 

with 20 cysts ME49 T. gondii, representative of three experiments each involving at least 

four mice per group. (C) qRT-PCR analysis of relative small intestinal Defcr2 expression in 

naïve or T. gondii-infected WT, E-Atg5 KO, and PC-Atg5 KO mice. (D) qRT-PCR analysis 

of Eubacteria loads in the spleen. (E) Analysis of T. gondii parasite loads by qRT-PCR in 

spleen and (F) and small intestine. (G) Flow cytometric analysis and quantification of CD4+ 

IFN-γ+ and CD4+ TNF+ cells in the small intestinal lamina propria of T. gondii-infected 

WT, E-Atg5 KO, and PC-Atg5 KO mice on day 7 post infection. (H) The distribution of 

microbiota in the lumens of the small intestines was analyzed by in situ hybridization with 

Eubacteria-specific (red) probes in mice on day 7 post infection and counterstained with 

DAPI. Scale bar 100μm. (I) Quantification of distance separating villi from microbiota in T. 
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gondii-infected mice (μm). (J) Detection of FITC fluorescence in sera, four hours after oral 

gavage with FITC-dextran (4kD) in naïve and T. gondii-infected (day 7 post infection) WT, 

E-Atg5 KO and PC-Atg5 KO mice. (K) Quantification of sera endotoxin levels by LAL 

assay in naïve and T. gondii-infected (day 7 post infection) WT, E-Atg5 KO and PC-Atg5 

KO mice. Results are representative of four independent experiments involving at least four 

mice per group. *P<0.05, **P<0.005, ***P<0.0005 (unpaired two-tailed Student’s t test). 

NS = not significant, data shown are mean ± s.d.
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Figure 6: Intestinal inflammation and immunopathology is microbiota-dependent.
(A,B) Flow cytometric analysis and (C,D) quantification of splenic CD4+ IFN-γ+ (A,C) and 

CD4+ TNF+ (B,D) in T. gondii-infected control or antibiotic-treated WT, E-Atg5 KO, and 

PC-Atg5 KO mice on day 7 post infection. (E) Histologic visualization and (F) 

quantification of Paneth cells by Alcian Blue/PAS staining of small intestinal crypts in WT, 

E-Atg5 KO and PC-Atg5 KO mice infected with T. gondii and additionally treated with 

antibiotic drinking water (ampicillin, streptomycin, neomycin, metronidazole, vancomycin) 

for 10 days. (G) qRT-PCR analysis of relative small intestinal Defcr2 and (H) IFN-γ 
expression in control and antibiotic-treated WT, E-Atg5 KO and PC-Atg5 KO mice. Results 

are representative of five independent experiments involving at least four mice per group. 

*P<0.05, ***p<0.0005. NS = not significant, data shown are mean ± s.d.
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Figure 7: Paneth cell loss and intestinal immunopathology is TNF and IFN-γ-dependent.
(A) Histologic visualization of Paneth cells in naïve or T. gondii infected WT, E-Atg5 KO, 

and PC-Atg5 KO mice by Alcian Blue/PAS staining. WT, E-Atg5 KO, and PC-Atg5 KO 

mice were treated with anti-IFN-γ or anti-TNF and then infected orally with 20 cysts per 

mouse of the ME49 strain of T. gondii. Histological analyses of Paneth cells in small 

intestines were performed on day 7 after infection as described above. (B) Paneth cell 

quantification and (C) qRT-PCR analysis of relative small intestinal Defcr2 expression in 

naïve or T. gondii-infected WT, E-Atg5 KO, and PC-Atg5 KO mice. Results are 

representative of four independent experiments involving at least four mice per group. 

*P<0.05, ***P<0.0005. NS = not significant, data shown are mean ± s.d.
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