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Figure 2. A schematic model of how MAP70 proteins might position cortical microtubules and
control cell wall patterning in developing tracheary elements.
(A) In control tracheary elements, microtubules (green) form a U-shaped mould while AtMAP70-5
and -1 (light purple) decorate those microtubules flanking the thickenings adjacent to the primary
cell wall (purple). RNAi silencing causes the separation of the thickening and its associated
microtubules from the primary cell wall. (B) Schematic representation of how the secondary
thickening pattern might be regulated by modulating the amount of AtMAP70-5 and -1. Larger
amounts of AtMAP70 increase the spacing between thickenings, resulting in an increased
percentage of spiral patterns among the tracheary elements. Reduction of the amount of
AtMAP70 reduces the spacing between thickenings, leaving only unthickened pits within the
secondary wall.

results indicate that the abundance of
the AtMAP70-1–AtMAP70-5 complex
in the cell is sufficient to explain the
different cell wall patterns. It remains
unclear, however, whether the relative
abundance of the AtMAP70s also
explains the cell wall patterns in
wild-type proto- and metaxylem cells
and whether the transcription factors
VND7 and VND6 differentially regulate
their expression levels. Another, rather
bizarre finding was that, in the silenced
lines for either AtMAP70, about half of
the thickenings were detached from the
surface and formed internalized
strands consisting of cell wall material
surrounded by plasma membrane and
microtubules. The authors propose
that AtMAP70-decorated microtubules
may define the boundary between
the thickenings and the primary cell
wall. In the absence of such a boundary
in the RNAi lines, the thickening with its
associated plasma membrane and
microtubules can disconnect from
the rest of the plasma membrane
(Figure 2A). Live cell imaging during

tracheary element differentiation in
the silenced lines should provide
insights into the mechanism of the
internalization of the thickenings.
In conclusion, this study provides
new insights into how cell wall
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Cellular Homeostasis: Coping with ER
Overload During an Immune
Response
Host cells secrete antimicrobial proteins en masse to counter extracellular
pathogens, placing a strain on the endoplasmic reticulum. The interplay
between defence and cellular homeostasis has now been dissected genetically
in Caenorhabditis elegans.
Jonathan J. Ewbank1,2,3,*
and Nathalie Pujol1,2,3
Immunologists are an isolated breed.
Their work is shrouded in mystery, with

impenetrable codes and such
a specialized vocabulary that it takes
the uninitiated years to be fully versant
in the discipline. In part, this is
a consequence of a long-standing
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methodology in immunological
research: extracting circulating cells
from an organism and studying them
in vitro. Increasingly, this is changing.
One does still need to learn, for
example, that CD29 is an integrin,
CD56 is the adhesion molecule
NCAM, and CD220 is the insulin
receptor. But the application of
intravital microscopy and the growing
use of direct genetic screens for
immunological traits are moving the
study of mammalian immunology
back into a real physiological
context. Studying innate immunity
in whole animals allows for
its integration with the ensemble of
cellular and organismal physiology
(for recent examples, using the
nematode Caenorhabditis elegans,
see [1–3]). This integration is well
illustrated by recent work from
Dennis Kim’s lab [4] that now shows
that the transcriptional response to
infection in C. elegans is tied to the
molecular machinery that governs
homeostasis in the endoplasmic
reticulum (ER).
The maturation and folding of
proteins is a complicated affair. It is
estimated that one-third of all newly
synthesized proteins fail to mature
and get recycled. The molecular
machinery that ensures this quality
control runs at close to its full
capacity [5]. At times of increased
protein synthesis and secretion or
as a result of defects in ER function, the
system can become over-stretched.
This may occur, for example, during
development, or during an immune
response. In such situations, a series
of back-up measures — collectively
known as the unfolded protein
response (UPR) — then comes into
play. These vital mechanisms ensure
cell survival and are largely conserved
from yeast to mammals [6].
In broad terms, the UPR in higher
organisms is made up of three
components. The first involves slowing
down translation globally, so that
the entry of neo-synthesized proteins
into the ER is reduced, limiting the
strain on the system. The second
results in the specific upregulation
of the expression of chaperones,
such as members of the heat-shock
protein family, which aid protein
folding in the ER. The third is an
increase in the degradative capacity
of the cell, to eliminate misfolded
proteins. These mechanisms act
sequentially, and maximize the
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Figure 1. A bath-toy analogy for the role of the UPR in coping with high levels of protein
synthesis.
(A) Under normal conditions, in adults, the rate of protein synthesis (water from above) does
not place undue strain on the ER (orange reservoir). Most proteins are successfully secreted
(downward flow from the flower nozzle), while some are degraded (flow via the water-wheel).
(B) During development, or under pathological situations, such as infection, the rate of protein
synthesis increases (increased flow of water). To counter-balance this, before the general
synthesis rate is diminished by a feedback mechanism (not shown), as part of the UPR protein
degradation increases (represented by opening of the tap on the right) and chaperone activity
increases (represented by opening of the tap on the left), providing adequate buffering (shown
by the filling of the secondary reservoir on the left) to allow for increased protein secretion. (C)
If the UPR does not function properly, for example if XBP-1 activity is blocked (tap on the left
stays closed) and protein degradation does not increase (tap on the right stays at its initial
position), then the ER is no longer able to cope with the increased protein synthesis (orange
reservoir overflows). If protein synthesis does not increase drastically during an infection,
for example in C. elegans when the p38 MAP kinase pathway is blocked, then even if the
UPR is not fully functional the system is not overloaded, as in (A).

chances that the cell will overcome
a transient overload of the ER [6].
On the basis of genetic studies and
expression profiles of different
mutants, the UPR in C. elegans has
been divided into constitutive and
inducible pathways. The constitutive
branch functions during development.
Its importance has been demonstrated
by the fact that development is
arrested at an early stage for
UPR-deficient mutants. These
mutants that lack the capacity to
increase expression of chaperones
or of the enzymes required to
degrade misfolded proteins then
die, apparently because of necrotic
cell death. It has been speculated
that stress on the ER leads to release
of calcium stores and that this
provides the trigger for the subsequent
necrosis [7,8].
The changes in gene expression that
accompany the UPR involve a very
particular process, common to
C. elegans and vertebrates. Activation
of the endoribonuclease IRE-1 leads
to the production of an alternatively
spliced isoform of the mRNA of the
transcription factor XBP-1 [9].
Exposure to drugs such as
tunicamycin, which interferes with
the glycosylation of proteins in the

ER, triggers the production of the
UPR-specific form of XBP-1, thereby
leading, in C. elegans, to chaperone
gene expression throughout the
organism [7–9]. It has been shown that
feeding the bacterial pore-forming
toxin Cry5B to C. elegans similarly
upregulates chaperone expression,
but only in the intestine. Interestingly,
and again in contrast with the effect
of tunicamycin, in the presence of
Cry5B, the activation of IRE-1
requires a conserved p38 MAP
kinase signalling cascade [1]. This is
a central part of C. elegans defences
both in the intestine [10–12] and in
the epidermis [13,14]. These results
have led to the suggestion that the
UPR could be an integral part of
the nematode’s innate immune
system [1].
Such a hypothesis has now been
refined in the recent work by Kim and
colleagues [4], who found that the
well-characterized Gram-negative
pathogen Pseudomonas aeruginosa
also induces IRE-1-mediated splicing
of xbp-1 mRNA and consequent
chaperone gene expression in a p38
MAP kinase-dependent manner.
These authors were able to trace the
regulatory pathway one step further, by
identifying a conserved transcription
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factor called ATF-7 as a target of p38
MAP kinase signalling. They showed
that ATF-7 is required for the
induction of chaperone gene
expression seen upon P. aeruginosa
infection. They also demonstrated that
the IRE-1–XBP-1 branch of the UPR
is required during development when
P. aeruginosa is present. The fact
that pathogenic bacteria caused the
developmental arrest of xbp-1
mutants, even when mixed at a low
concentration with the normal food
source, Escherichia coli, suggests
that it is a consequence of the
infection by P. aeruginosa and not of
a nutritional defect [4]. P. aeruginosa
does, however, provoke evident
changes in intestinal morphology
and could impair digestive functions.
It remains to be formally demonstrated
that changes in intestinal cell
physiology do not contribute to
the observed developmental
arrest.
It is not clear exactly why the xbp-1
mutants are especially susceptible to
P. aeruginosa. The bacteria
accumulated in the intestines of the
mutants at a rate that was comparable
to that observed in wild-type animals.
An analysis of intestinal cell
ultrastructure by electron microscopy,
however, revealed that in contrast to
wild-type larvae, the ER in mutant
larvae had an abnormal morphology [4]
that was similar to that seen in worms
treated with tunicamycin, i.e. suffering
from an excess of misfolded proteins.
As mentioned above, during
development, loss of an efficient UPR
is sufficient to cause developmental
arrest. So the combination of infection
and incapacity to mount a normal
UPR is sufficient to lead to growth
arrest and death. Triggering of the
UPR in wild-type animals leads to
necrotic cell death. Interestingly,
although blocking necrosis does
increase resistance of C. elegans
to some bacterial pathogens [15],
it did not alter the precocious death
of xbp-1 mutants cultured on
P. aeruginosa [4].
Further insight into the phenomenon
was gained by the analysis of double
mutants deficient for both the UPR and
p38 MAP kinase signalling. Although it
was not reported whether the
accumulation of P. aeruginosa was
altered in these double mutants, these
animals developed and survived much
better in the presence of the pathogen
than the UPR single mutant; indeed,

their survival was comparable to that of
the p38 MAP kinase single mutant [4].
Previous studies in C. elegans have
shown that the activity of p38 MAP
kinase is negatively regulated by
a specific phosphatase [11].
Remarkably, even under standard
culture conditions, knocking down the
activity of this phosphatase was
sufficient to provoke a UPR, as
witnessed by an increase in chaperone
gene expression. In other words,
activating the p38 MAP kinase appears
sufficient to induce ER overload.
Additionally, combining loss of function
of the phosphatase with mutation of
xbp-1 caused a developmental arrest
under normal culture conditions, like
that seen for xbp-1 mutants exposed
to P. aeruginosa. The phenotypes of
the xbp-1–p38 MAP kinase double
mutant were suppressed when
phosphatase activity was abrogated
[4]. Exposure to P. aeruginosa causes
the rapid induction of a very large
number of genes, many of which are
predicted to encode secreted proteins
[4,16]. The most parsimonious
explanation of these results is therefore
that infection by P. aeruginosa
provokes a greatly increased flux of
proteins through the ER, dependent
upon a p38 MAP kinase cascade.
In normal worms, this leads to
a UPR, which guarantees cell
survival. If the UPR is compromised,
C. elegans can no longer cope with
the increased demand placed on its
ER, and so is killed by its own defences
(Figure 1).
It will clearly be interesting to
establish how general this
phenomenon is, both in C. elegans,
where several pathways cooperate to
mediate resistance to P. aeruginosa
[17] and different types of pathogens
are known to colonize or infect the
intestine (e.g. [18,19]), as well as in
other species, including mammals.
In vertebrates, the situation is likely
to be far more complex as altering
ER function also affects antigen
presentation, cytokine production,
as well as the survival of cell types
involved in immunity [20].
Nevertheless, the study by Kim and
colleagues [4] is an elegant example
of the interest in studying the host
response to infection in a whole-animal
model, and suggests that researchers
will need to continue their efforts to
integrate established discrete models
of immune system function into a more
holistic physiological view.
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