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SUMMARY
The finding that a variant (T300A) of the autophagyrelated 16-like 1 (ATG16L1) gene is associated with Crohn’s
disease suggests that the inability to eliminate intestinal
intracellular microbes via (macro)autophagy may be
involved in the pathogenesis of this disease. The variant
induces an autophagy-associated defect in Paneth cells,
specialized cells in the crypts of Lieberkühn within the
small intestine that secrete defensins and other antimicrobial peptides. Moreover, other loci, IRGM and LRRK2
involved in autophagy and implicated in clearance of intraCorrespondence: A.S. Peña, MD, PhD, FRCP, AGAF, Laboratory of
Immunogenetics, Department of Pathology, VU University Medical
Center, Room 3E52, De Boelelaan 1117, P.O. Box 7057, 1007 MB,
Amsterdam, the Netherlands. E-mail: pena.as@gmail.com

cellular bacteria have been found to be associated with
Crohn’s disease. These unexpected findings have changed
the focus of research in Crohn’s disease and have stimulated an in-depth study of the complex process of autophagy.
Autophagy is regulated by many genes and is emerging as
a central player in the immunologic control of intracellular
bacteria. Chlamydia trachomatis is able to inhibit apoptosis and the production of nuclear factor κ B (NFκB) in
order to survive in the host. Extensive studies on association of genes regulating the inflammatory response in
experimental models and in humans as revised in other
sections of this supplement have failed to explain the longterm complications of C. trachomatis infection. The
advances in the molecular pathways of Chlamydia infection and their effects on the Golgi apparatus and other
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cytoplasmic organelles suggests that defects in autophagic genes may predispose the host to chronic infection and
be responsible for the long-term complications. A new
genomic approach of the complete autophagic pathway
may reveal new insight to understand the presence of a
complication in affected individuals, even if at present
there is no evidence that C. trachomatis is affected by this
pathway.
INTRODUCTION
Chronic inflammatory diseases called T helper type 1
(Th1)/Th17-mediated diseases in mammals and in invertebrates such as corals are influenced by a symbiotic relationship with a metabolically active population of bacteria. Host genetic susceptibility in the form of a defective
mucosal barrier function and/or abnormal bacterial
killing due to a defective autophagic process can lead to
enhanced exposure to bacteria. Defective immunoregulation leads to lack of appropriate immunosuppression.
This can lead to a disease state that has been classified as
“barrier disease” resulting from the lack of integration of
symbiotic microorganisms, pathogens and the mucosal
immune system. In a way, these new concepts are the
modern interpretation of the concept of a common
mucosal immune system that was put forward 30 years
ago. The observations were based on the origins of
immunoglobulin-containing cells in intestinal, respiratory, mammary and genital tissues (1-3). This field has
evolved in the direction of the development of vaccines
and, over the years, it has become apparent that microbiota in the gut contribute to shaping the mucosal
immune system. Since there is evidence that in the gut
immunoglobulin (Ig) A regulates microbial composition,
a requirement for the initiation and maintenance of the
fitness of our immune system, it is becoming apparent
that gut-associated lymphoid tissues play a major role in
shaping the repertoire of gut microbiota (4). This interaction of the microflora and the gastrointestinal tract of the
host reaches as far as the genetic machinery contributing
to health, disease and evolution. In man it seems that
genetic polymorphisms affecting the immune system and
the relatively recent changes in lifestyle in industrialized
societies may have turned the genetic variability controlling the balance of beneficial versus aggressive bacteria
into disease-causing mutations (5).
AUTOPHAGY
Autophagy, the cellular homeostatic process by which
eukaryotic cells transport damaged and unnecessary
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cytoplasmic constituents to lysosomes for degradation,
has been first described as a response to starvation,
but it is now clear that it plays a major role in many cellular processes and has been implicated in several diseases. Several studies reveal the role of autophagy in
innate and adaptive immunity. Autophagy is an example of a cellular process that is not restricted to innate
immunity.
The first link between autophagy and the innate
immune system was shown by the elimination of intracellular pathogens from cells via the autophagy pathway which involves the host response to bacteria and
serves to limit viral replication, e.g., by engulfment
and destruction, and is implicated in antigen processing and presentation. Other viruses hijack the
autophagocytic process for replication or even encode
mechanisms to evade autophagy (6). For example,
induction of autophagy seems to decrease the viability of intracellular mycobacteria and to eliminate
Listeria monocytogenes upon its escape from the
phagosome into the cytosol (7, 8). Furthermore, severe
and invasive human diseases caused by Streptococcus
pyogenes might be induced by the attenuation of
autophagic activity (9).
In addition, the involvement of autophagy in adaptive
immunity has been established by studies demonstrating that this pathway is not limited to its role in direct
elimination of invading pathogens.
Cells expressing major histocompatibility complex
(MHC) class II proteins use the autophagy pathway in
processing endogenously synthesized viral or self-antigens into autophagosomes antigens for presentation to
CD4+ T cells (10, 11). Schmid et al. demonstrated that
MHC class II positive antigen-presenting cells (APCs),
such as B-cell lines, monocytes, dendritic cells and
epithelial cell lines with interferon (IFN)-γ-inducible MHC
class II expression, display significant levels of steadystate macroautophagy (12). Therefore, autophagy has a
role in T-cell homeostasis by controlling T-cell lifespan
once they exit the thymus and functions as an effector of
Th1–Th2 polarization in defense against intracellular
pathogens (13, 14).
Knockout mice models demonstrate that the autophagy
gene Atg5 plays multiple roles in lymphocyte development and function, thereby suggesting that autophagy
may not only play an essential role in T-cell homeostasis but also in T-cell development and central tolerance
(13, 15, 16).
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Crohn’s disease (CD) is a complex chronic inflammatory
autoimmune condition of the gastrointestinal tract,
often affecting the eyes, the skin and the joints.
Polymorphisms in genes that regulate autophagy have
been recently discovered in CD, namely, the autophagyrelated 16-like 1 gene (ATG16L1) and the immunity-related
GTPase family, M locus (IRGM)(17-22) and also a common
20-kb deletion in the promoter region of IRGM, which
induces an altered expression pattern in the modulation
of cellular autophagy of internalized bacteria (23). A
recent meta-analysis confirmed that the ATG16L1
rs2241880 (encoding a threonine to alanine substitution
“T300A”), and noncoding IRGM rs13361189 and
rs4958847 polymorphisms are important low-penetrant
markers for CD susceptibility and indicate that these variants may also play a role in ulcerative colitis, the other
major inflammatory bowel disease (24). Furthermore, the
autophagy-associated gene encoding leucine-rich repeat
kinase 2 (LRRK2) has been implicated in CD susceptibility (25). It could be shown that the signal by rs11175593
(within 40 kbp from LRKK2) in the genome-wide association study of Barrett et al. was not attributable to mucin
family gene MUC19 tagging variants within 360 kb at the
same locus (25, 26).
The ATG16L1 coding variant has been demonstrated to
impair the capture of internalized Salmonella within
autophagosomes of human intestinal epithelial cells
(27). In addition, CD patients homozygous for the ATG16L1
risk allele display Paneth cell granule abnormalities (28),
while ATG16L1-deficient macrophages following lipopolysaccharide stimulation produce high amounts of
inflammatory cytokines interleukin (IL)-1β and IL-18 (29).
MOLECULAR EVENTS OF AUTOPHAGY AND
ITS POSSIBLE LINK TO CHLAMYDIA
Autophagy, a lysosomal degradation pathway implicated in the degradation of intracellular bacteria, is mediated by evolutionarily conserved genes (called atg genes)
(30). In the case of Chlamydia, the invading bacterium is
not being targeted for lysosomal degradation and establishes itself in an intracellular replicative niche, thus partially antagonizing the host autophagic process. In this
niche Chlamydia, through a type III secretion system,
allows the entry of proteins into the cytoplasm. One such
protein is the protease ChlaDub1 which prevents release
of nuclear factor κ B (NFκB). The C. trachomatis intracytoplasmic inclusions appear to be devoid of any marker
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of endocytic traffic, but induce Golgi apparatus fragmentation and react with endoplasmic reticulum and the
host cytoskeleton (31). In addition, Chlamydia activates
type I IFN-regulated pathways during infection (32).
Thus far the intracellular replicative niche of Chlamydiainfected cells has not been linked to the autophagic
process. However, since chlamydial inclusion bodies are
juxtaposed to LC3-positive structures, it has been postulated that Chlamydiae utilize nutrients derived from
autophagy to promote intracellular growth (33).
Modulation of host cell apoptosis or autophagy by intracellular bacterial pathogens plays an important role in
pathogenesis, but little is known in this regard in relation
to Chlamydia.
Similarly to the genetic findings in CD, we can postulate
that a genomic screening of the apoptotic and
autophagy pathways of the host may provide insight into
the persistence and pathogenesis of the long-term complications of Chlamydia infections, such as pelvic inflammatory disease and infertility, and the possible role in
coronary artery disease, reactive arthritis and
Alzheimer’s disease.
CHLAMYDIAE ESCAPE THE HOST RESPONSE
The lessons that we can draw from diseases such as
Crohn’s disease and diseases where Chlamydia is
involved, together with the approaches followed to
define the basic defects, is that these diseases may serve
as a lead to understand the physiologic processes
involved in the infectious process and the pathology
induced by chlamydiae. This in turn will suggest new
areas of therapeutic targeting.
Chlamydiae are obligate intracellular pathogens that
cause a number of diseases both in humans and in animals. C. trachomatis is a primarily human pathogen
mainly associated with sexually transmitted diseases,
pulmonary infection and blinding trachoma. The disease
conditions caused by C. trachomatis vary from asymptomatic infections to severe pathology, causing significant
morbidity worldwide. The first line of defense against
chlamydiae is the innate immune response. Chlamydiae
manipulate signaling pathways to hinder the activation
of innate immune responses that are detrimental to bacterial, or host survival by the inhibition of apoptosis and
the manipulation of NFκB-mediated signaling.
Although autophagy can serve to protect cells, it also
may contribute to cell damage. Most invading
pathogens are first engulfed into phagosomes, which
115
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then convert into autophagosomes and finally fuse with
lysosomes, where the pathogens are destroyed by lysosomal enzymes (34). However, some of the invading
pathogens escape the host defense mechanism by
blocking or altering the maturation of the phagosome.
Even organisms that manage to escape phagosomes
can still be taken up by autophagosomes and can subsequently be decomposed (9). C. trachomatis is one of
these pathogens that have developed strategies to circumvent this defense mechanism, and seems to either
inhibit or resist autophagy (35).
Furthermore, cytokines and chemokines produced during the innate response recruit inflammatory cells and
T cells that are needed for adaptive immunity. The T-celldependent adaptive immune response and subsequent
Chlamydia clearance is predominated by IL-12- and IFNγ-dependent mechanisms. IFN-γ plays a central role in
innate immunity against intracellular pathogens, for
example, by inducing autophagy. In human cells, IFN-γ
can effectively suppress growth of C. trachomatis.
Among the genes highly induced by IFN-γ are the immunity-related GTPases (IRGs). Al-Zeer et al. have shown
that IFN-γ stimulates association of different IRG proteins (Irga6, Irgb6, Irgd, Irgm2 and Irgm3) with inclusions harboring C. trachomatis (36). Interestingly, Irga6
was found to be responsible for immune resistance to C.
trachomatis. Other IRGs could have cooperative interactions. Cells lacking Irga6 were highly permissive to C. trachomatis infection, although other IRGs were recruited in
response to IFN-γ (36).
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