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Intracellular pathogens commonly 
invade and replicate inside of intes-

tinal cells and exit from these cells is a 
crucial step in pathogen transmission. 
For convenience, studies of intracellular 
pathogens are often conducted using in 
vitro cell culture systems, which unfor-
tunately lack important features of polar-
ized, intact intestinal epithelial cells. The 
nematode C. elegans provides a tractable 
system to study intracellular pathogens 
in vivo, where features of differentiated 
epithelial cells are easily visualized. In 
a recent paper, we used C. elegans as a 
host organism to study the exit strat-
egy of Nematocida parisii, a naturally 
occurring intracellular pathogen in the 
microsporidia phylum. We showed that 
N. parisii remodels the C. elegans host 
cytoskeleton, and then exits host cells in 
an actin-dependent, non-lytic fashion. 
These findings illuminate key details 
about the transmission of microsporidia, 
which are poorly understood but ubiq-
uitous pathogens. More generally, these 
findings have implications for exit strat-
egies used by other intracellular patho-
gens that also infect epithelial cells.

Introduction

By residing inside of host cells, intracel-
lular pathogens have the advantages of 
protection from extracellular antimi-
crobials and access to host nutrients and 
energy stores. However, intracellular 
replication requires that pathogens even-
tually exit from their host cell in order 
to spread to new cells or to new hosts. 
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While some intracellular pathogens such 
as Toxoplasma gondii, Leishmania species 
and Plasmodium falciparum exit by lys-
ing host cells (Fig. 1A), other intracellu-
lar pathogens have evolved strategies that 
maintain host cell integrity during exit.4 
Understanding the mechanisms of host 
cell exit could aid in the development of 
treatments to prevent intracellular patho-
gen transmission. In a recent study, we 
showed that microsporidia, a phylum of 
pathogens closely related to fungi, exits 
the C. elegans gut epithelia in a non-lytic 
manner involving actin.5

Actin and pathogen egress. Many 
intracellular pathogens exploit host actin 
in order to exit.6 For example, Listeria 
and Rickettsiae species both secrete actin-
nucleation promoting factors that interact 
with host Arp2/3 actin polymerization 
machinery. Actin polymerization forms 
comet-like actin “tails” on the patho-
gens that are used for motility and jet-
ting between and exiting from host cells. 
Shigella species exit host cells by activat-
ing formin-mediated actin polymerization 
to generate protrusions from the host cell, 
which are engulfed by neighboring cells 
to facilitate pathogen exit and spreading 
(Fig. 1B).7 Another actin-dependent exit 
strategy is employed by Mycobacterium 
species and involves an actin-rich struc-
ture called an “ejectosome,” which is a 
pore-like structure in the host membrane 
through which pathogens can exit the 
host cell (Fig. 1C).1 In addition to the 
above-mentioned bacteria, the eukaryotic 
pathogen C. neoformans also uses actin to 
non-lytically exit from host cells. The exit 
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from the apical to the basolateral side of 
intestinal epithelial cells, and then exits via 
exocytosis at the basolateral side of cells to 
disseminate systematically.12 Interestingly, 
this in vivo transcytosis pathway does not 
require the well-described Listeria factors 
identified by in vitro studies. These con-
trasting results from in vitro vs. in vivo 
studies highlight the importance of study-
ing intestinal infections in vivo.

A key feature of metazoan intestinal 
epithelial cells is their apical-basolateral 
polarity, which is not necessarily main-
tained in in vitro studies.17 The apical 
surface of these cells is decorated with 
actin-rich microvilli that protrude into the 
intestinal lumen where they can absorb 
nutrients. These microvilli are anchored 
into a cytoskeletal structure called the 
terminal web (Fig. 2A). Although the 
terminal web is a prominent feature that 
was noted long ago in electron micrograph 
(EM) images of vertebrate intestinal cells, 
little is known about how this structure 
is first assembled and then remodeled to 
allow for vesicle passage.18-24 A major chal-
lenge in addressing these questions is the 
relative inaccessibility of this tissue in 
vertebrate systems. Fortunately, key fea-
tures of intestinal cells are shared between 
humans and the nematode C. elegans, 
including actin-rich microvilli anchored 
into a terminal web made of actin and 
intermediate filaments (Fig. 2A). This 
conservation, together with the conve-
nience and transparency of nematodes, 
make C. elegans an excellent in vivo model 
system to study the exit of intracellular 
pathogens from intestinal cells.

In 2008, we discovered the first intra-
cellular pathogen of C. elegans through 
identification of a natural pathogen that 
infects the intestinal cells. We named 
this pathogen N. parisii, or “nematode 
killer from Paris,” and found it defines a 
new genus and species of microsporidia.25 
Microsporidia comprise a large phylum 
of over 1,200 species of eukaryotic intra-
cellular pathogens.26-28 The phylogenetic 
placement of microsporidia is controver-
sial, but their closest relatives are fungi. 
Microsporidia can infect a wide variety 
of animal hosts, commonly infecting the 
intestine. Fourteen species of microspo-
ridia can infect humans and some can lead 
to lethal diarrhea in AIDS patients. Due to 

that pathogens that have coevolved with 
their hosts would trend toward non-lytic 
exit strategies.

Microsporidia are natural pathogens 
of C. elegans and provide a convenient  
in vivo system for the study of intracel-
lular pathogens. Most studies of intracel-
lular pathogen exit have been conducted 
in tissue culture cells or in unicellular 
hosts that lack important features of in 
vivo metazoan tissue structure. As such, 
findings in tissue culture may differ from 
findings in vivo, as exemplified by a recent 
study of Listeria infection by Nikitas et 
al.12 The authors performed microscopy 
of whole-tissue mounts to characterize 
Listeria intracellular trafficking through 
intestinal cells. Surprisingly, they found 
that in vivo trafficking differs substan-
tially from the well-studied in vitro path-
way mentioned above, in which Listeria 
escapes from the internalization vacuole 
and then induces actin tail polymeriza-
tion to force its way into new host cells.13-

16 In vivo, the authors found that Listeria 
remains membrane-bound as it transits 

process used by C. neoformans, as well as 
C. albicans (another pathogenic yeast), 
appears similar to exocytosis, although 
the underlying mechanisms are poorly 
understood (Fig. 1D).2,8,9 A summary 
of these five major pathogen exit mecha-
nisms is illustrated in Figure 1. Based on 
the prevalence of actin-related exit strate-
gies used by the diverse microbes shown 
in this figure, host actin appears to be an 
ideal resource exploited by pathogens to 
facilitate exit.6

The lysis or preservation of host mem-
brane can have important implications for 
virulence of the exiting pathogen. In par-
ticular, a pathogen that lyses its host cell 
inflicts damage on its host, thus harming 
the host’s ability to support future patho-
gen growth. In the case of organisms with 
non-renewing tissues, such as C. elegans, 
and especially with unicellular organisms, 
cell lysis can have a substantial impact on 
host survival. It has been hypothesized that 
over time intracellular pathogens evolve 
reduced virulence in order to maximize 
replication.10,11 Thus, it would be expected 

Figure 1. Exit strategies of intracellular pathogens. (A) Lytic exit from host cells through activation 
of “pyroptosis,” secretion of membrane pore-forming toxins, or secretion of proteases. (e.g., S. flex-
neri, Salmonella spp, L. pneumophila, L. monocytogenes, F. tularensis, Chlamydia spp, P. falciparum, 
Leishmania spp, T. gondii). (B) Exit by actin “comet tails,” which protrude into host membrane to 
induce engulfment by neighboring cells, sometimes resulting in a double membrane (used by  
L. monocytogenes, S. flexneri, R. rickettsii, R. conorii, Burkholderia, Pseudomallei). (C) Exit through 
an actin-rich, pore-like “ejectosome” that is inserted in the host membrane (used by M. marinum1). 
(D) Exit by exocytosis (used by C. neoformans, C. albicans2). (E) Exit by budding out of the host cell 
coated in host membrane, leaving the host cell intact (used by Chlamydia spp, O. tsutsugamushi,  
P. berghei3) (adapted with permission from Hybiske and Stephens, 20084).
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on co-evolved host-pathogen interactions 
in polarized epithelial cells in vivo.

Microsporidia Infection Causes 
Reorganization of the Host  
Cytoskeletal Terminal Web

We had previously observed in EM images 
that the terminal web was restructured in 
N. parisii-infected animals, resulting in 
terminal web “gaps.”25 The C. elegans ter-
minal web is comprised of an intestinal-
specific actin isoform called ACT-5, and 
several intermediate filament proteins, 
including IFB-2. In uninfected animals 
these proteins are apically localized within 

germinate and pierce the host cell mem-
brane with a polar tube, through which the 
spore nucleus and sporoplasm are injected 
into the host cell. Once inside the cell, the 
pathogen produces multinucleated struc-
tures called meronts, which then replicate 
and redifferentiate into mature spores. 
In C. elegans, microsporidian spores then 
exit from the apical side of cells into the 
lumen, and are defecated out to transmit 
the infection to new hosts. N. parisii infec-
tion in C. elegans offers a unique system 
to obtain insights into these poorly under-
stood pathogens. In addition, it provides 
the rare opportunity to leverage the pow-
erful tools of the C. elegans model system 

the problems they cause in immunocom-
promised patients and the lack of treat-
ments, microsporidia have been deemed 
priority pathogens by the US National 
Institutes of Health.29 Microsporidia also 
cause significant agricultural problems 
in fisheries and have been implicated in 
colony collapse disorder in honeybees.30-33 
These obligate intracellular pathogens 
are challenging to study because they can 
only replicate inside of host cells.

Figure 2B illustrates the N. parisii life 
cycle within C. elegans intestinal cells, 
which is similar to the life cycle of micro-
sporidia species that infect other hosts. 
Upon ingestion, microsporidia spores 

Figure 2. Intestinal cell morphology and microsporidia life cycle. (A) Electron micrograph of C. elegans intestinal epithelial cell. The microvilli brush 
border (arrows) lining the lumen is prominent on the apical surface of the cell. Microvilli are anchored to the cell with the terminal web (bracket), which 
is visible as a line below the microvilli. Both of these morphological features are conserved with human intestinal cells. (B) Phases of N. parisii exit 
strategy from C. elegans host intestinal cells. Green is ACT-5 and orange is IFB-2. Pathogen cells are depicted in red and nuclei depicted in black. During 
Phase I of infection, microsporidia spores fire their polar tubes, and inject their nucleus and sporoplasm into the host cell. This material develops into a 
multinucleated meront, and ACT-5 appears basolaterally, where it can form filament-like structures. During the final step of Phase I, gaps form in IFB-2 
expression along the apical part of the cell. During Phase II, spores mature at approximately 40hpi and exit in a non-lytic, actin-dependent fashion 
from the host cell into the intestinal lumen.
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host apical plasma membrane in a strain 
expressing a PGP-1::GFP membrane 
marker, which localizes to the apical side 
of intestinal cells. We found that spores 
exited into the lumen free of PGP-1::GFP, 
indicating that microsporidia do not take 
host plasma membrane with them while 
exiting the cell. Furthermore, we tested 
for cell lysis upon spore exit by feeding 
contagious animals propidium iodide, a 
dye that cannot diffuse freely into intact 
cells. Using this assay, we found that host 
cell integrity was maintained and thus  
N. parisii exit is non-lytic, as perhaps 
would be expected for an obligate intra-
cellular pathogen of an animal with non-
renewing cells.

Outlook

Our findings indicate that C. elegans host 
cell restructuring is precisely coordinated 
with N. parisii pathogen development so 
that physical barriers are removed at the 
proper time to enable non-lytic exit. These 
findings highlight key events of the infec-
tion cycle that would not be observed in 
less natural experimental systems. Similar 
themes emerged in studies of the bacterial 
pathogen Listeria as mentioned above, as 
well as studies of the eukaryotic pathogen 
Toxoplasma gondii. In human fibroblasts, 
it was shown that T. gondii exits host cells 
using a different mechanism when exit 
occurs naturally than when exit is artifi-
cially stimulated by permeabilization of 
the host cell, which is a common experi-
mental technique in the field.34 By study-
ing N. parisii infection in its natural host, 
which is a powerful model organism, we 
expect to uncover meaningful host-patho-
gen interactions for a group of obligate 
intracellular pathogens that have been his-
torically very difficult to study.

In future studies, we aim to determine 
how N. parisii spores exit without lysing 
the host cell. Orchestrating a non-lytic 
exit with membrane-free spores released 
into the lumen likely requires that some 
membrane surrounds spores prior to exit 
(Fig. 1). However, EM images show that 
N. parisii appears to be in direct contact 
with the cytoplasm during its early rep-
licative stage.25 Therefore, it is possible 
that N. parisii steals intracellular host 
membrane as it forms spores in order to 

wild-caught Caenorhabditis nematodes in 
many parts of the world, consistent with 
this possibility of co-evolution (Fèlix MA, 
unpublished data).25

Thousands of Microsporidia 
Spores Exit Host Cells in a  

Process that Requires ACT-5

If ACT-5 relocalization induces terminal 
web gap formation to facilitate exit, we 
would expect that depleting ACT-5 in 
infected animals would increase gap num-
ber and increase pathogen exit. To test this 
hypothesis, we developed an assay to mea-
sure the number of spores exiting from the 
intestinal cells of infected animals. We 
found that a single infected animal could 
produce thousands of spores in one hour, 
and this production rate could continue 
for dozens of hours. This finding is espe-
cially striking considering that C. elegans 
has a total of only 20 intestinal cells! With 
this assay, we compared wild-type animals 
to those defective for act-5, either caused 
by treatment with RNAi or by being 
heterozygous for an act-5 deletion allele 
(act-5 homozygous mutants are dead). 
Unexpectedly, we found that a reduction 
of ACT-5 resulted in a dose-dependent 
reduction in spore excretion. This observa-
tion indicated a complex role for act-5 and 
led to our two-phase pathogen exit model. 
In Phase I of this model, actin inhibits 
exit by maintaining terminal web integ-
rity, and in Phase II, actin promotes exit 
by an unknown mechanism (Fig. 2B). A 
further test of Phase I in this model would 
be to determine whether IFB-2 gaps are 
required for exit, but we have not yet iden-
tified a method to block gap formation. 
In any case, our results indicate that actin 
plays a multi-faceted role in the microspo-
ridian exit strategy, with many outstand-
ing questions to address (see below).

N. parisii Exits into the Lumen 
Free of Host Plasma Membrane, 

and Without Causing Lysis

Our results indicated that C. elegans 
intestinal cells produce large numbers of  
N. parisii spores while animals are still 
alive, suggesting that host membranes are 
left intact. To investigate membrane topol-
ogy during N. parisii exit, we visualized 

intestinal cells, with ACT-5 localized to 
both the terminal web and microvilli, and 
IFB-2 localized exclusively to the termi-
nal web. By infecting a C. elegans strain 
expressing YFP::ACT-5 and IFB-2::CFP, 
we were able to track IFB-2 localization 
in live animals to determine when the 
host terminal web is remodeled during 
N. parisii infection, and how this relates 
to ACT-5 localization. During the repli-
cative, or “meront,” phase of infection, 
we found that ACT-5 relocalizes to the 
basolateral side of the cell, where it is not 
normally found in uninfected animals. 
After this relocalization, we observed 
gaps in IFB-2::CFP expression, which 
appears similar to the restructuring of the 
terminal web observed by EM (Fig. 2B). 
Interestingly, we found that IFB-2::CFP 
gap formation precedes spore exit and that 
all contagious animals have IFB-2::CFP 
gaps. Furthermore, after the initial bout 
of gap formation, the number of gaps does 
not increase over the course of infection. 
These results imply that terminal web gap 
formation is part of an orchestrated exit 
strategy, rather than damage that occurs 
as the spores exit from the apical side of 
the cell.

Because terminal web gaps form after 
ACT-5 relocalization to the basolateral 
side of cells, we hypothesized that deple-
tion of ACT-5 from the apical side might 
trigger gap formation. To test this idea, we 
reduced ACT-5 levels with RNA interfer-
ence and found that this knock-down was 
sufficient to induce gaps in IFB-2::CFP 
expression in the absence of infection. 
This result suggests that depletion of 
ACT-5 at the apical side promotes ter-
minal web weakening in preparation for 
microsporidia exit. Terminal web weaken-
ing occurs immediately prior to spore for-
mation, which would be the ideal time to 
remove a potential barrier to exit. We have 
termed this actin-mediated preparation 
for spore exit “Phase I” to provide contrast 
to a different role for actin later in infec-
tion that is part of “Phase II,” described 
below (Fig. 2B). Such seemingly careful 
preparation for spore exit implies the exis-
tence of precisely timed molecular interac-
tions between N. parisii and C. elegans, as 
might be expected in a host/pathogen pair 
that has co-evolved. Indeed, Nematocida 
strains have been found infecting 
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enter host trafficking pathways. These 
membrane-coated spores could then fuse 
with the plasma membrane to exit the cell 
free of membrane. It will be interesting to 
determine which host proteins regulate 
this process and the level at which N. pari-
sii directs this regulation.

In future studies, it will also be inter-
esting to investigate whether terminal web 
remodeling is a conserved exit strategy used 
by other species of microsporidia, such as the 
human-infecting species Encephalitozoon 
intestinalis, Encephalitozoon cuniculi and 
Enterocytozoon bieneusi. And beyond the 
microsporidia phylum, it seems certain that 
other intracellular pathogens must cross 
terminal web barriers to exit. The terminal 
web is found not only in intestinal cells but 
also in many differentiated epithelial cells, 
such as those found in lung and urogenital 
epithelia, which are also subject to intracel-
lular infection by a variety of pathogens. 
Deciphering how intracellular pathogens 
remodel host tissues in vivo to make a dis-
creet exit will lead to a better understand-
ing of pathogen transmission.
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