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Endoplasmic reticulum (ER) stress 
occurs upon the accumulation of un-
folded or misfolded proteins, and 
induces adaptive mechanisms, termed 
the unfolded protein response (UPR), 
aimed at resolving ER stress and hence 
preventing potentially dysfunctional 
proteins from impairing proper cell 
function [1]. The UPR in general is an 
evolutionary highly conserved mecha-
nism, with one branch in particular (the 
IRE1-XBP1 axis) conserved from yeast 
to metazoans including man. While 
highly secretory cells are particularly 
dependent upon an efficient UPR, it 
is also obvious that a multitude of 
secondary factors that affect protein 
folding may lead to the accumulation of 
misfolded proteins and hence ER stress; 
these factors include the metabolic state 
of the cell, oxygen supply, redox state, 
and many others [1].

An intriguing study by Richardson 
et al. now reports that innate immune 
activation is a potent trigger of ER 
stress in Caenorhabditis elegans (C. 
elegans), with the XBP1-dependent 
branch of the UPR being required to 
recover from and survive the stress 
associated with the elicitation of an in-

nate immune response [2]. Specifically, 
infection with Pseudomonas aeruginosa 
(P. aeruginosa) induced ER stress sec-
ondary to activation of PMK-1 [2], the 
p38 mitogen-activated protein kinase 
(MAPK) orthologue which had previ-
ously been shown to be essential for re-
sistance against microbial pathogens [3]. 
In contrast to wild-type larvae, loss-of-
function xbp-1 mutants exhibited larval 
lethality upon P. aeruginosa infection, 
which was associated with disruption of 
ER morphology. Quite surprisingly, lar-
val lethality did not occur in the absence 
of p38 PMK-1. However, overactivation 
of PMK-1 in the absence of pathogenic 
bacteria via silencing of vhp-1, a MAPK 
phosphatase, in the context of loss-of-
function xbp-1 mutants recapitulated 
the lethal phenotype described above 
[2]. xbp-1 did not affect the rate of 
accumulation of P. aeruginosa, exclud-
ing the possibility that developmental 
lethality upon xbp-1 loss-of-function is 
attributable to accelerated infection [2]. 
Moreover, loss-of-function in the two 
other branches of the UPR (atf-6 and 
pek-1) had no effect on larval develop-
ment in the presence of P. aeruginosa 
[2], identifying the IRE1-XBP1 axis 
as the critical protective UPR branch 
induced secondary to an innate immune 
response.

XBP1 (Hac1 in yeast) is activated 
by IRE1 via an unconventional splicing 
mechanism that leads to a frame-shift 
in XBP1 mRNA and hence translation 

of the active UPR transcription factor 
XBP1s. Infection of C. elegans with 
P. aeruginosa induces the transcription 
of more than 300 genes, with 50% pre-
dicted to involve processing in the ER 
[4]. The occurrence of xbp-1 splicing 
secondary to P. aeruginosa infection 
was not only dependent on pmk-1, but 
also on the transcription factor atf-7, 
since an atf-7 mutant abrogated the 
pathogen-induced expression of genes 
regulated by the PMK-1 pathway [2]. 
Since tunicamycin-induced ER stress 
and hence xbp-1 splicing was not 
impaired in pmk-1 mutants, ER stress 
induction upon P. aeruginosa infection 
appears to be unique and dependent 
upon a PMK-1-dependent orchestra-
tion of a transcriptional program that is 
involved in the innate immune response 
to the pathogen. It remains to be deter-
mined how PMK-1 links to IRE1 as this 
is the only known endoribonucelase that 
is capable of generating transcription-
ally active, spliced xbp-1. 

Using a reporter system monitor-
ing hsp4 (the C. elegans orthologue 
of mammalian grp78/BiP) induction, 
ER stress upon P. aeruginosa infection 
localized to the intestine, the site of 
infection, and coincided with increased 
xbp-1 splicing [2]. It is interesting, 
therefore, that hypomorphic XBP1 
and unresolved ER stress in intestinal 
epithelial cells (IECs) has recently been 
linked to intestinal inflammation in 
mice, and polymorphisms in XBP1 have 
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been associated with both forms of hu-
man inflammatory bowel disease (IBD), 
Crohn’s disease (CD) and ulcerative 
colitis (UC) [5]. In that mouse model, 
IECs with hypomorphic Xbp1 function 
exhibited increased responsiveness 
towards inflammatory and microbial 
stimuli, and the cell types that were most 
severely affected were Paneth cells and 
goblet cells, both of which are highly 
secretory cells which differentiate from 
intestinal epithelial stem cells. Paneth 
cells, located at the base of intestinal 
crypts, secrete abundant antimicrobial 
peptides that affect the composition 
of the intestinal microbiota [6], while 
goblet cells produce mucins. The no-
tion that innate immune activation may 
induce ER stress and indeed requires an 
efficient XBP1-branch of the UPR to let 
the organism cope with innate immune 
activation supports the view that even 
minor impairments in UPR function 
might have substantial effects for the 
development of immune-mediated dis-
eases. In this context it is noteworthy 
that in addition to polymorphisms in 
XBP1, polymorphisms in the protein 
disulfide isomerase AGR2 have been 
linked with CD and UC [7]. AGR2 is 
implicated in ER protein folding, and 
Agr2–/– mice exhibit evidence of ER 
stress and disruption in goblet and 
Paneth cell homeostasis [8]. In the 
context of the genetic XBP1 association 
with IBD and the evolutionarily ancient 
role of xbp-1 and ER stress with innate 
immune function, it will be important 
to investigate whether the intestinal 
microbiota, or perhaps even specific 
pathogenic microbes [9], might be at 
the basis of induction of ER stress in 
the IEC compartment and consequently 
intestinal inflammation that may arise 
from this if hypomorphic. Apart from 
its role in IEC function, the known 
requirement for proper XBP1 func-
tion in dendritic cell function in mice 
might serve as another evolutionarily 
conserved example wherein the mecha-
nisms established in C. elegans might 
have an important role in mammalian 

innate immune defense as well [10].
Another interesting angle of ER 

stress induction by activation of innate 
immune pathways and its dependency 
on a proper UPR relates to the recent 
report that TLR signaling induces 
selective suppression of the ATF4-
CHOP branch of the UPR. Specifically, 
prior TLR engagement prevented the 
phospho-eIF2α promotion of ATF4 
translation, a potent inducer of CHOP 
during ER stress [11]. Administration 
of the TLR4 agonist LPS accordingly 
prevented apoptosis of macrophages, 
hepatocytes, and renal tubule cells 
during systemic ER stress via a TRIF-
dependent pathway [11]. It was sug-
gested that this mechanism might have 
evolved to support the survival of 
TLR-expressing cells (e.g. innate im-
mune cells) that encounter ER stress 
during the host response to invading 
pathogens [11]. Hence, these studies 
together suggest that at least two of the 
three arms of the UPR (IRE1-XBP1 
and PERK-EIF2-ATF4) support the 
ability of innate immune cells to prevail 
through the stress associated with a 
response to a pathogen.

In summary, the study by Richardson 
et al. expands the universe of physiolog-
ical pathways that are dependent upon a 
proper UPR by demonstrating a key in-
volvement of xbp-1 in the consequences 
associated with an innate immune 
response. The IRE1-XBP1 branch of 
the UPR has previously been shown to 
be critically involved in plasma cell dif-
ferentiation [12] and hence the adaptive 
immune system as well. It appears that 
the IRE1-XBP1 pathway is not only the 
evolutionarily most conserved branch 
of the UPR, but evolutionarily far more 
deeply involved in immune responses to 
pathogens than previously anticipated. 
These observations further highlight the 
substantial amount of cellular stress that 
the host experiences in interacting with 
the foreign hostile environment posed 
by invading pathogens and potentially 
commensal microorganisms within 
mucosal tissues.
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