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Abstract

The UFD-1 (ubiquitin fusion degradation 1)-NPL-4 (nuclear protein localization homolog 4)
heterodimer is involved in extracting ubiquitinated proteins from several plasma membrane
locations, including the endoplasmic reticulum. This heterodimer complex helps in the
degradation of ubiquitinated proteins via proteasome with the help of AAA+ ATPase CDC-48.
While the ubiquitin-proteasome system is known to have important roles in maintaining
innate immune responses, the role of the UFD-1-NPL-4 complex in regulating immunity
remains elusive. In this study, we investigate the role of the UFD-1-NPL-4 complex in
maintaining Caenorhabditis elegans innate immune responses. Inhibition of the UFD-1-NPL-4
complex activates an inflammation-like response that reduces the survival of the wild-type
worms on the pathogenic bacterium Pseudomonas aeruginosa despite diminishing
colonization of the gut with the bacterium. This inflammation-like response improves the
survival of severely immunocompromised worms on pathogenic bacteria but is detrimental
on nonpathogenic bacteria. Transcriptomics studies reveal that the GATA transcription factor
ELT-2 mediates the inflammation-like response upon inhibition of the UFD-1-NPL-4 complex.
Our studies uncover important roles of the UFD-1-NPL-4 complex in innate immunity and
reveal the existence of inflammation-like responses in C. elegans.

eLife assessment

In this valuable study, the authors investigate the role of the UFD-1/NPL-4 complex
in the response of C. elegans to infection. While the work is of interest to the field,
several pieces of evidence are incomplete, including a lack of validation of the
inferences from the RNAi experiments with mutant analyses. There is also the
question whether the UFD-1/NPL-4 complex might be better described as regulating
"tolerance" to infection instead of inflammation.
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Introduction

Maintenance of a healthy proteome involves the degradation of misfolded proteins (Vembar and
Brodsky, 2008     ; Vilchez et al., 2014     ). Proteasomes are a major site for the degradation of
misfolded proteins (Clague and Urbe, 2010     ; Ding and Yin, 2008     ). Proteins are tagged for
proteasomal degradation by ubiquitin through a series of enzymatic reactions (Dikic, 2017     ). In
addition to the proteasomal degradation of proteins, ubiquitination controls a vast array of
cellular signals and functions (Husnjak and Dikic, 2012     ; Mukhopadhyay and Riezman, 2007     ).
The ubiquitination pathways also have important roles in innate immunity regulation (Garcia-
Sanchez et al., 2021     ; Li et al., 2016     ). The host ubiquitination pathways are involved in the
targeting of bacterial proteins, lipopolysaccharides, and bacteria-containing vacuoles, resulting in
selective macroautophagy or xenophagy of bacterial pathogens (Chai et al., 2019     ; Haldar et al.,
2015     ; Otten et al., 2021     ; Tripathi-Giesgen et al., 2021     ). Because of the important roles of
ubiquitination in host defenses, bacterial pathogens have evolved multiple strategies to target the
host ubiquitination pathways (Bomberger et al., 2011     ; Herhaus and Dikic, 2018     ; Ribet and
Cossart, 2018     ). Therefore, it is possible that inhibition of the ubiquitination pathways would
activate immune responses via compensatory mechanisms.

The proteasomal degradation requires ubiquitin-tagged proteins to be unfolded and extracted
from macromolecular complexes (Boom and Meyer, 2018     ). CDC-48 (VCP/p97 in vertebrates) is a
highly conserved AAA+ ATPase that uses its protein unfoldase activity to extract a variety of
ubiquitinated polypeptides from membranes or macromolecular complexes (Bodnar and
Rapoport, 2017     ; Meyer et al., 2012     ). CDC-48 uses different cofactor proteins to recognize its
client proteins (Meyer et al., 2012     ). The UFD-1 (ubiquitin fusion degradation 1)-NPL-4 (nuclear
protein localization homolog 4) heterodimer is a CDC-48 cofactor that is involved in the extraction
of misfolded and ubiquitinated proteins from several plasma membrane locations, including the
endoplasmic reticulum (ER) (Meyer et al., 2000     ; Wolf and Stolz, 2012     ; Ye et al., 2001     ).
Therefore, the UFD-1-NPL-4 complex is critical for the ER-associated degradation (ERAD) of
misfolded proteins (Wu and Rapoport, 2018     ). In addition to ERAD, the ER has evolved other
strategies to deal with misfolded proteins (Singh, 2023     ), including a series of unfolded protein
response (UPR) pathways that enhance the folding capacity of the ER by synthesis of molecular
chaperones and reduction of protein translation (Hetz et al., 2015     ). The ER-UPR pathways are
required for an optimum immune response (Engel and Barton, 2010     ; Richardson et al., 2010     ;
Sun et al., 2012     ). However, the role of the UFD-1-NPL-4 complex, which is required for ERAD, in
regulating immune responses remains poorly explored. Because ubiquitin-dependent pathways
have important roles in immunity, it will be interesting to explore the role of the UFD-1-NPL-4
complex in regulating immune responses.

In this study, we showed that the inhibition of the UFD-1-NPL-4 complex results in the activation of
an inflammation-like response in Caenorhabditis elegans. The wild-type worms had a drastic
reduction in survival on the pathogenic bacterium Pseudomonas aeruginosa despite having
diminished colonization of the gut with the bacterium. Inhibition of the UFD-1-NPL-4 complex also
led to diminished bacterial colonization in mutants of ER-UPR and immunity pathways. The
diminished bacterial colonization improved the survival of severely immunocompromised
mutants on pathogenic bacteria. However, on nonpathogenic bacteria, on which the severely
immunocompromised mutants exhibit a normal lifespan, inhibition of the UFD-1-NPL-4 complex
resulted in a drastic reduction in lifespan. Transcriptomic studies revealed that inhibition of the
UFD-1-NPL-4 complex resulted in the activation of the intracellular pathogen response. Analysis
for transcription factor enrichment for upregulated genes identified that the GATA transcription
factor ELT-2 mediated the inflammation-like response upon inhibition of the UFD-1-NPL-4
complex. Our studies uncovered important roles of the UFD-1-NPL-4 complex in innate immunity
and revealed the existence of inflammation-like responses in C. elegans.

https://doi.org/10.7554/eLife.94310.1
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Results

Inhibition of the UFD-1-NPL-4 complex
reduces survival of C. elegans on P. aeruginosa
To explore the role of the UFD-1-NPL-4 complex in the innate immune response of C. elegans, we
knocked down ufd-1 and npl-4 by RNA interference (RNAi) and studied the survival of the worms
on the pathogenic bacterium P. aeruginosa PA14. Knockdown of ufd-1 and npl-4 resulted in a
drastic reduction in the survival of N2 wild-type worms on P. aeruginosa compared to worms
grown on control RNAi (Figure 1A     ). The animals also had a reduced lifespan on Escherichia coli
HT115 upon knockdown of ufd-1 and npl-4 (Figure 1B     ). The relationship between C. elegans
innate immunity and longevity pathways is complex. Mutants that have reduced lifespan but
improved immunity have been identified (Amrit et al., 2019     ; Otarigho and Aballay, 2021     ; Ren
and Ambros, 2015     ). Moreover, immunocompromised animals such as mutants of the MAP
kinase pathway mediated by NSY-1/SEK-1/PMK-1 have a normal lifespan despite having drastically
reduced survival on pathogenic bacteria (Kim et al., 2002     ; Liberati et al., 2004     ). Therefore, we
explored the mechanisms that led to the reduced survival of ufd-1 and npl-4 knockdown animals
on P. aeruginosa. Colonization of the gut with P. aeruginosa is a major determinant of infection and
survival of C. elegans under slow-killing conditions (Das et al., 2023     ; Tan et al., 1999     ). Because
knockdown of ufd-1 and npl-4 reduced survival on P. aeruginosa, we asked whether the animals
had enhanced colonization of the gut with P. aeruginosa after ufd-1 and npl-4 RNAi. Surprisingly,
we observed that ufd-1 and npl-4 knockdown resulted in reduced colonization of the gut with P.
aeruginosa (Figure 1C      and 1D     ). To validate further, we performed the colony-forming unit
assay (CFU) upon knockdown of ufd-1 and npl-4. There was a significant decline in the CFU per
worm in ufd-1 and npl-4 knockdown worms, indicating reduced numbers of live bacteria in these
worms (Figure 1E     ).

Reduced colonization of the gut by P. aeruginosa could be because of reduced uptake of the
bacterium in ufd-1 and npl-4 knockdown animals. The rate of pharyngeal pumping is an indicator
of the uptake of bacterial food. We studied whether inhibition of ufd-1 and npl-4 affected the
pharyngeal pumping rate. The knockdown of ufd-1 and npl-4 did not affect the pharyngeal
pumping rate (Figure S1A     ), indicating that the reduced colonization was unlikely due to the
reduced uptake of bacteria. Next, we tested whether exposure to P. aeruginosa affected the
pharyngeal pumping in ufd-1 and npl-4 knockdown animals. Exposure to P. aeruginosa for 12
hours resulted in a minimal reduction in the pharyngeal pumping rate in ufd-1 and npl-4
knockdown animals compared to control animals (Figure S1B     ). These results suggested that the
reduced colonization of ufd-1 and npl-4 knockdown animals by P. aeruginosa was unlikely because
of the reduced uptake of bacteria. Taken together, these results suggested that the inhibition of the
UFD-1-NPL-4 complex reduced the survival of C. elegans on P. aeruginosa despite diminished
colonization of the gut with the bacterium. Because ufd-1 and npl-4 RNAi led to very similar
phenotypes, we further used only ufd-1 RNAi to decipher the mechanisms of reduced survival and
diminished colonization on P. aeruginosa.

Reduced colonization with P. aeruginosa upon ufd-1
knockdown is independent of the ER-UPR pathways
Knockdown of the UFD-1-NPL-4 complex is known to cause ER stress, resulting in the upregulation
of the ER-UPR pathways (Mouysset et al., 2006     ; Sasagawa et al., 2007     ). Because ER stress and
UPR pathways modulate innate immunity (Richardson et al., 2010     ; Singh and Aballay, 2017     ;
Sun et al., 2012     ), we asked whether the ER-UPR pathways were involved in the regulation of
survival and colonization of ufd-1 knockdown animals on P. aeruginosa. We studied the survival
and colonization of mutants of different ER-UPR pathways, including xbp-1(tm2482), atf-6(ok551),
and pek-1(ok275) on P. aeruginosa. The survival of xbp-1(tm2482) animals upon ufd-1 knockdown
was indistinct from the control animals (Figure 2A     ). However, ufd-1 knockdown resulted in

https://doi.org/10.7554/eLife.94310.1
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Figure 1.

Inhibition of the UFD-1-NPL-4 complex reduces survival of C. elegans on P. aeruginosa

(A) Representative survival plots of N2 animals on P. aeruginosa PA14 at 25°C after treatment with the empty vector (EV)
control, ufd-1, and npl-4 RNAi. P<0.001 for ufd-1 and npl-4 RNAi compared to EV control.
(B) Representative survival plots of N2 animals grown on bacteria for RNAi against ufd-1 and npl-4 along with the EV control at
20°C. Day 0 represents young adults. P<0.001 for ufd-1 and npl-4 RNAi compared to EV control.
(C) Representative fluorescence (top) and the corresponding brightfield (bottom) images of N2 animals incubated on P.
aeruginosa-GFP for 24 hours at 25°C after growth on the EV control, ufd-1, and npl-4 RNAi bacteria. Scale bar = 200 μm.
(D) Quantification of GFP levels of N2 animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on the EV
control, ufd-1, and npl-4 RNAi bacteria. ***P < 0.001 via the t-test (n = 16 worms each).
(E) Colony-forming units (CFU) per animal of N2 worms incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on
the EV control, ufd-1, and npl-4 RNAi bacteria. **P < 0.01 via the t-test (n = 6 biological replicates).

https://doi.org/10.7554/eLife.94310.1
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drastically reduced gut colonization with P. aeruginosa in xbp-1(tm2482) animals (Figure 2B      and
2C     ). This indicated that the xbp-1 pathway was not required for the reduced P. aeruginosa
colonization of ufd-1 knockdown animals.

The atf-6(ok551) animals exhibited reduced survival on P. aeruginosa upon ufd-1 RNAi compared
to the control RNAi (Figure 2D     ). Similar to N2, ufd-1 knockdown resulted in reduced
colonization of the gut with P. aeruginosa in atf-6(ok551) animals (Figure 2E      and 2F     ). The pek-
1(ok275) animals exhibited similar phenotypes of reduced survival and diminished colonization
on P. aeruginosa upon ufd-1 knockdown (Figure 2G-I     ). These results indicated that the reduced
colonization and survival of ufd-1 knockdown animals on P. aeruginosa were independent of the
ER-UPR pathways.

Reduced colonization with P. aeruginosa upon ufd-1
knockdown is independent of the major immunity pathways
Next, we tested whether any of the immunity pathways were involved in regulating the reduced
colonization by ufd-1 knockdown. To this end, we studied the survival and colonization of mutants
of different immunity pathways on P. aeruginosa upon knockdown of ufd-1. The pmk-1(km25)
animals, which are part of a MAP kinase pathway mediated by NSY-1/SEK-1/PMK-1 (Kim et al.,
2002     ), had a similar survival rate on control and ufd-1 RNAi (Figure 3A     ). However, ufd-1
knockdown drastically reduced colonization in pmk-1(km25) animals (Figure 3B      and 3C     ).
This indicated that the pmk-1 pathway is unlikely to be involved in mediating ufd-1 knockdown
effects, and the similar survival rate of control and ufd-1 RNAi animals is merely coincidental.
Indeed, a mutant of the upstream regulator of the PMK-1 pathway, the Toll/interleukin-1 receptor
domain protein (TIR-1) (Liberati et al., 2004     ; Peterson et al., 2022     ), exhibited phenotypes
similar to pmk-1(km25) animals (Figure S2A-C     ).

The mutants of the TGF-β/DBL-1 (Mallo et al., 2002     ) and TFEB/HLH-30 (Visvikis et al., 2014     )
immunity pathways also exhibited phenotypes similar to pmk-1(km25) animals. The knockdown of
ufd-1 resulted in drastically reduced colonization of dbl-1(nk3) and hlh-30(tm1978) animals without
affecting their survival on P. aeruginosa (Figure 3D-I     ). These results indicated that the reduced
colonization with P. aeruginosa upon ufd-1 knockdown was independent of these immunity
pathways.

Inhibition of the UFD-1-NPL-4 complex improves survival of
severely immunocompromised C. elegans on P. aeruginosa
Knockdown of ufd-1 reduced colonization in wild-type animals as well as mutants of ER-UPR and
innate immunity pathways. Interestingly, despite variable survival rates on control RNAi, all
strains had similar survival rates upon knockdown of ufd-1 (Figure S3     ). We reasoned that ufd-1
knockdown might lead to an inflammation-like response that results in diminished gut
colonization by P. aeruginosa and reduces the survival of healthy but not immunocompromised
animals. If the knockdown of the UFD-1-NPL-4 complex indeed resulted in an inflammation-like
response, their knockdown should improve the survival of severely immunocompromised
animals. In C. elegans, the canonical p38 MAP kinase signaling cascade consists of NSY-1 (ASK1
MAPKKK), SEK-1 (MKK3/MKK6 MAPKK), and PMK-1 (p38 MAPK) (Kim et al., 2002     ). Compared to
pmk-1 knockout, the knockout of sek-1 leads to more severe effects on survival upon infection with
P. aeruginosa (Meng et al., 2021     ). Indeed, we observed that most of the sek-1(km4) animals on
control RNAi died within 24 hours of exposure to P. aeruginosa (Figure 4A     ). Importantly, the
knockdown of ufd-1 resulted in a drastic improvement in the survival of sek-1(km4) animals
(Figure 4A     ). To test whether the improved survival of sek-1(km4) animals upon the knockdown
of ufd-1 was because of inhibition of the UFD-1-NPL-4 complex, we studied the survival of sek-
1(km4) animals upon npl-4 RNAi. The knockdown of npl-4 also resulted in drastically enhanced
survival of sek-1(km4) animals (Figure 4A     ).

https://doi.org/10.7554/eLife.94310.1
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Figure 2.

Reduced colonization with P. aeruginosa upon ufd-1
knockdown is independent of the ER-UPR pathways

(A) Representative survival plots of xbp-1(tm2482) animals on P. aeruginosa PA14 at 25°C after treatment with the empty
vector (EV) control and ufd-1 RNAi. The difference between the EV and ufd-1 RNAi survival plots is nonsignificant.
(B) Representative fluorescence images of xbp-1(tm2482) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(C) Quantification of GFP levels of xbp-1(tm2482) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on
the EV control and ufd-1 RNAi bacteria. **P < 0.01 via the t-test (n = 16 worms each).
(D) Representative survival plots of atf-6(ok551) animals on P. aeruginosa PA14 at 25°C after treatment with the EV control and
ufd-1 RNAi. P<0.001.
(E) Representative fluorescence images of atf-6(ok551) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(F) Quantification of GFP levels of atf-6(ok551) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on
the EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 16 worms each).
(G) Representative survival plots of pek-1(ok275) animals on P. aeruginosa PA14 at 25°C after treatment with the EV control
and ufd-1 RNAi. P<0.001.
(H) Representative fluorescence images of pek-1(ok275) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(I) Quantification of GFP levels of pek-1(ok275) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on
the EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 24–25 worms each).

https://doi.org/10.7554/eLife.94310.1
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Figure 3.

Reduced colonization with P. aeruginosa upon ufd-1
knockdown is independent of the major immunity pathways

(A) Representative survival plots of pmk-1(km25) animals on P. aeruginosa PA14 at 25°C after treatment with the empty vector
(EV) control and ufd-1 RNAi. The difference between the EV and ufd-1 RNAi survival plots is nonsignificant.
(B) Representative fluorescence images of pmk-1(km25) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(C) Quantification of GFP levels of pmk-1(km25) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on
the EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 16 worms each).
(D) Representative survival plots of dbl-1(nk3) animals on P. aeruginosa PA14 at 25°C after treatment with the EV control and
ufd-1 RNAi. The difference between the EV and ufd-1 RNAi survival plots is nonsignificant.
(E) Representative fluorescence images of dbl-1(nk3) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(F) Quantification of GFP levels of dbl-1(nk3) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on the
EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 16 worms each).
(G) Representative survival plots of hlh-30(tm1978) animals on P. aeruginosa PA14 at 25°C after treatment with the EV control
and ufd-1 RNAi. P<0.001.
(H) Representative fluorescence images of hlh-30(tm1978) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(I) Quantification of GFP levels of hlh-30(tm1978) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on
the EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 16 worms each).

https://doi.org/10.7554/eLife.94310.1
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Figure 4.

Inhibition of the UFD-1-NPL-4 complex improves survival of
severely immunocompromised C. elegans on P. aeruginosa

(A) Representative survival plots of sek-1(km4) animals on P. aeruginosa PA14 at 25°C after treatment with the empty vector
(EV) control, ufd-1, and npl-4 RNAi. P<0.001 for ufd-1 and npl-4 RNAi compared to EV control.
(B) Representative fluorescence images of sek-1(km4) animals incubated on P. aeruginosa-GFP for 12 hours at 25°C after
growth on the EV control, ufd-1, and npl-4 RNAi bacteria. Scale bar = 200 μm.
(C) Quantification of GFP levels of sek-1(km4) animals incubated on P. aeruginosa-GFP for 12 hours at 25°C after growth on the
EV control, ufd-1, and npl-4 RNAi bacteria. ***P < 0.001 via the t-test (n = 19–20 worms each).
(D) Representative survival plots of sek-1(km4) animals grown on bacteria for RNAi against ufd-1 and npl-4 along with the EV
control at 20°C. Day 0 represents young adults. P<0.001 for ufd-1 and npl-4 RNAi compared to EV control.
(E) Representative survival plots of dbl-1(nk3);pmk-1(km25) animals on P. aeruginosa PA14 at 25°C after treatment with the EV
control and ufd-1 RNAi. P<0.001.
(F) Representative fluorescence images of dbl-1(nk3);pmk-1(km25) animals incubated on P. aeruginosa-GFP for 12 hours at
25°C after growth on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(G) Quantification of GFP levels of dbl-1(nk3);pmk-1(km25) animals incubated on P. aeruginosa-GFP for 12 hours at 25°C after
growth on the EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 24 worms each).

https://doi.org/10.7554/eLife.94310.1
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Knockdown of both ufd-1 and npl-4 in sek-1(km4) animals resulted in reduced gut colonization by
P. aeruginosa compared to control RNAi (Figure 4B      and 4C     ). Because sek-1(km4) animals do
not have a reduced lifespan on E. coli diet (Kim et al., 2002     ), we studied how inhibition of the
UFD-1-NPL-4 complex affected the lifespan of sek-1(km4) animals. We reasoned that if the
inhibition of the UFD-1-NPL-4 complex truly led to an inflammation-like response, it should result
in a reduced lifespan of sek-1(km4) animals on E. coli despite improving their survival on P.
aeruginosa. Indeed, the knockdown of ufd-1 and npl-4 drastically reduced the lifespan of sek-
1(km4) animals on E. coli HT115 (Figure 4D     ). These results suggested that inhibition of the UFD-
1-NPL-4 complex led to an inflammation-like response, which improves survival of severely
immunocompromised animals under infection conditions but reduces survival of such animals
under non-infection conditions.

To further establish that inhibition of the UFD-1-NPL-4 complex resulted in the improved survival
of severely immunocompromised animals on P. aeruginosa, we created a dbl-1(nk3);pmk-1(km25)
double mutant. The TGF-β/DBL-1 and p38 MAPK/PMK-1 control immunity via parallel pathways
(Singh and Aballay, 2020     ), and the dbl-1(nk3);pmk-1(km25) animals show reduced survival on P.
aeruginosa compared to individual mutants (Figure 4E     ). The knockdown of ufd-1 resulted in
improved survival (Figure 4E     ) and reduced colonization (Figure 4F      and 4G     ) of dbl-
1(nk3);pmk-1(km25) animals on P. aeruginosa. Taken together, these data showed that inhibition of
the UFD-1-NPL-4 complex improved the survival of severely immunocompromised animals on P.
aeruginosa.

Knockdown of ufd-1 results in the upregulation of
protease and intracellular pathogen response genes
To understand the molecular basis of the phenotypes observed upon knockdown of ufd-1, we used
RNA sequencing to focus on transcriptional changes induced by ufd-1 RNAi. Of the 439
differentially regulated genes, 319 were upregulated, while 120 were down-regulated (Figure
5A      and Table S1). Gene ontology (GO) analysis for biological processes for upregulated genes
showed enrichment for innate immune response (Figure 5B     ). As ufd-1 is required for ERAD,
different ER-UPR pathway genes were also enriched in the upregulated genes. In addition,
enrichment for proteolysis genes was also observed. GO analysis for cellular components and
molecular function for upregulated genes showed enrichment for lysosomes and peptidase
activities, respectively (Figure 5C      and 5D     ). These results indicated that the knockdown of ufd-
1 might result in increased proteolysis activities via lysosomes. GO analysis for biological
processes for downregulated genes also showed enrichment for innate immune response (Figure
S4A     ). This indicated that ufd-1 might be required for the expression of some innate immune
response genes. GO analysis for cellular components and molecular function for downregulated
genes primarily identified functions related to nucleosomes (Figure S4B      and S4C     ). Indeed,
UFD-1 is known to localize to the nucleus and is required for chromatin stability (Mouysset et al.,
2008     ).

Next, we compared the upregulated genes with previously published gene expression data using
WormExp (Yang et al., 2016b     ). Interestingly, we observed that the ufd-1 RNAi upregulated genes
had a very high overlap with genes upregulated by intracellular pathogens Nematocida parisii
(Bakowski et al., 2014     ) (Figure 5E     ) and Orsay virus (Sarkies et al., 2013     ) (Figure 5F     ).
Infection with the intracellular pathogens N. parisii and Orsay virus results in the activation of an
intracellular pathogen response (IPR), which includes several protein containing ALS2CR12
signature (pals) genes as well as genes involved in proteolysis (Bakowski et al., 2014     ; Sarkies et
al., 2013     ). Indeed, ufd-1 RNAi resulted in the upregulation of several pals and proteolysis genes
(Table S1). These results indicated that the knockdown of ufd-1 might mimic an intracellular
pathogen infection and result in the activation of the IPR.

https://doi.org/10.7554/eLife.94310.1
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Figure 5.

Knockdown of ufd-1 results in the upregulation of
protease and intracellular pathogen response genes

(A) Volcano plot of upregulated and downregulated genes in ufd-1 RNAi versus empty vector (EV) control RNAi N2 animals.
Orange and green dots represent significantly upregulated and downregulated genes, respectively, while the grey dots
represent the genes that are not differentially regulated
(B)-(D) Gene ontology enrichment analysis for ufd-1 RNAi upregulated genes for biological processes (B), cellular component
(C), and molecular function (D).
(E) Venn diagram showing the overlap between genes upregulated upon ufd-1 RNAi and upregulated upon Nematocida parisii
infection (Bakowski et al., 2014     ). The P-value for the overlap between the data is 8.2×10-110.
(F) Venn diagram showing the overlap between genes upregulated upon ufd-1 RNAi and upregulated upon Orsay virus
infection (Sarkies et al., 2013     ). The P-value for the overlap between the data is 2.7×10-62.
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GATA transcription factor ELT-2 mediates
the ufd-1 knockdown phenotypes
To identify the genes downstream of ufd-1 knockdown that were responsible for reduced
colonization, we knocked down individual genes that were upregulated upon ufd-1 RNAi and
studied colonization of the gut with P. aeruginosa. We hypothesized that the reduced colonization
might be because of increased expression of proteolysis genes. Therefore, we knocked down the
proteolysis genes that were upregulated by ufd-1 RNAi. Knockdown of none of the protease genes
led to increased colonization in ufd-1 knockdown animals (Figure S5A     ). Because ufd-1
knockdown also resulted in the upregulation of several pals genes, which are part of the IPR, we
next targeted the pals genes upregulated by ufd-1 RNAi. Knockdown of none of the pals genes led
to increased colonization in ufd-1 knockdown animals (Figure S5B     ). These results indicated that
either the proteases and IPR genes are not involved in the regulation of colonization in ufd-1
knockdown animals, or these genes function redundantly, and multiple genes are required for the
phenotype.

To identify the transcription factors that regulate the diminished colonization and reduced
survival phenotype of ufd-1 knockdown, we carried out transcription factor enrichment analysis
for upregulated genes using WormExp. The ufd-1 RNAi upregulated genes substantially
overlapped with the genes regulated by the GATA transcription factor ELT-2 (Dineen et al., 2018     ;
Mann et al., 2016     ) (Figure 6A      and 6B     ). Indeed, ELT-2 is known to regulate protease and pals
genes (Mann et al., 2016     ). To test whether ELT-2 might be required for the ufd-1 knockdown
phenotypes, we studied P. aeruginosa colonization in N2 animals upon the knockdown of ufd-1 and
elt-2. Knockdown of elt-2 resulted in a significant increase in P. aeruginosa colonization in ufd-1
knockdown animals (Figure 6C      and 6D     ). Similar to N2 worms, the knockdown of elt-2
resulted in a significant increase in P. aeruginosa colonization in ufd-1 knockdown sek-1(km4)
animals (Figure 6E      and 6F     ). Because ufd-1 knockdown in sek-1(km4) worms improves their
survival on P. aeruginosa (Figure 4A     ), we also studied whether elt-2 was responsible for the
increased survival of sek-1(km4) worms upon ufd-1 knockdown. Indeed, the knockdown of elt-2
abolished the beneficial effects of ufd-1 knockdown on the survival of sek-1(km4) worms on P.
aeruginosa (Figure 6G     ). Taken together, these results indicated that the inflammation-like
response triggered by the inhibition of the UFD-1-NPL-4 complex is mediated by ELT-2.

Discussion

In this study, we show that inhibition of the UFD-1-NPL-4 complex leads to an inflammation-like
response in C. elegans. Inhibition of the UFD-1-NPL-4 complex leads to reduced gut colonization
with P. aeruginosa in wild-type animals as well as mutants of different ER-UPR and immunity
pathways. Despite the reduction in pathogen colonization, the wild-type animals exhibit reduced
survival, indicating an inflammatory response. However, immunocompromised mutants, which
have drastically reduced survival on pathogenic bacteria, exhibit reduced colonization and
improved survival on inhibition of the UFD-1-NPL-4 complex. This indicates that the inflammatory
response activated by the inhibition of the UFD-1-NPL-4 complex compensates for the dampened
immune response of the immunocompromised mutants. Despite beneficial effects on the survival
on pathogenic bacteria, inhibition of the UFD-1-NPL-4 complex leads to adverse effects on the
lifespan of immunocompromised mutants. This is because the immunocompromised mutants
have a normal lifespan on nonpathogenic bacteria, and the inflammatory response becomes
detrimental on such bacterial diets.

We find that the knockdown of ufd-1 led to the upregulation of several genes that are part of the
IPR activated by intracellular pathogens N. parisii and Orsay virus (Bakowski et al., 2014     ; Sarkies
et al., 2013     ). The ubiquitination components have been shown to be required for targeting the
intracellular pathogen N. parisii (Bakowski et al., 2014     ). As a counterattack, the pathogen
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Figure 6.

GATA transcription factor ELT-2 mediates the ufd-1 knockdown phenotypes

(A) Venn diagram showing the overlap between genes upregulated upon ufd-1 RNAi and upregulated in wt versus elt-2(-)
larvae (Dineen et al., 2018     ). The P-value for the overlap between the data is 9.5×10-52.
(B) Venn diagram showing the overlap between genes upregulated upon ufd-1 RNAi and the low-complexity ELT-2 target
genes (Mann et al., 2016     ). The P-value for the overlap between the data is 1.5×10-34.
(C) Representative fluorescence (top) and the corresponding brightfield (bottom) images of N2 animals incubated on P.
aeruginosa-GFP for 24 hours at 25°C after growth on the empty vector (EV) control, ufd-1, EV+elt-2, EV+ufd-1, and ufd-1+elt-2
RNAi bacteria (see Methods for the details). Scale bar = 200 μm.
(D) Quantification of GFP levels of N2 animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on the EV
control, ufd-1, EV+elt-2, EV+ufd-1, and ufd-1+elt-2 RNAi bacteria. ***P < 0.001 via the t-test (n = 20 worms each).
(E) Representative fluorescence (top) and the corresponding brightfield (bottom) images of sek-1(km4) animals incubated on
P. aeruginosa-GFP for 12 hours at 25°C after growth on the EV control, ufd-1, EV+elt-2, EV+ufd-1, and ufd-1+elt-2 RNAi bacteria.
Scale bar = 200 μm.
(F) Quantification of GFP levels of sek-1(km4) animals incubated on P. aeruginosa-GFP for 12 hours at 25°C after growth on the
EV control, ufd-1, EV+elt-2, EV+ufd-1, and ufd-1+elt-2 RNAi bacteria. ***P < 0.001 and **P < 0.01via the t-test (n = 16–19 worms
each).
(G) Representative survival plots of sek-1(km4) animals on P. aeruginosa PA14 at 25°C after treatment with the EV control, ufd-
1, EV+elt-2, EV+ufd-1, and ufd-1+elt-2 RNAi bacteria. P<0.001 for ufd-1+elt-2 RNAi compared to EV+ufd-1 RNAi.
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probably targets the ubiquitin-proteasome system of the host (Bakowski et al., 2014     ). Therefore,
the intracellular pathogens N. parisii and Orsay virus might activate the IPR by inhibiting the
ubiquitin-proteasome system (Bakowski et al., 2014     ; Reddy et al., 2019     ). We show that
inhibition of the UFD-1-NPL-4 complex activates the IPR. The activation of the IPR by the inhibition
of the UFD-1-NPL-4 complex could be a consequence of the direct inhibition of this complex itself
or an indirect perturbation of the proteasomal degradation of proteins. In future studies, it will be
intriguing to decipher whether intracellular pathogens target the UFD-1-NPL-4 complex.

We demonstrate that the GATA transcription factor ELT-2 mediated the inflammatory response
downstream of the inhibition of the UFD-1-NPL-4 complex. ELT-2 is known to be required for
defense as well as recovery responses against a variety of pathogens (Head and Aballay, 2014     ;
Shapira et al., 2006     ; Yang et al., 2016a     ). Previous studies have reported interactions of ELT-2
with the proteasome system. The non-proteolytic activity of the 19S proteasome subunit RPT-6 was
shown to regulate the ELT-2-mediated immune response (Olaitan and Aballay, 2018     ). Another
study showed that the bacterial pathogen Burkholderia pseudomallei leads to the downregulation
of ELT-2 target genes (Lee et al., 2013     ). It was demonstrated that the downregulation of ELT-2
targets was associated with the degradation of ELT-2 protein by the host ubiquitin-proteasome
system. Therefore, multiple mechanisms could regulate the activity of ELT-2 via the ubiquitin-
proteasome system. In future studies, it will be interesting to study how inhibition of the UFD-1-
NPL-4 complex modulates the activities of the GATA transcription factor ELT-2.

Materials and Methods

Bacterial strains
The following bacterial strains were used in the current study: Escherichia coli OP50, E. coli
HT115(DE3), Pseudomonas aeruginosa PA14, and P. aeruginosa PA14 expressing green fluorescent
protein (P. aeruginosa PA14-GFP). The cultures of E. coli OP50, E. coli HT115(DE3), and P. aeruginosa
PA14 were grown in Luria-Bertani (LB) broth at 37°C. The P. aeruginosa PA14-GFP cultures were
grown in LB broth with 50 µg/mL kanamycin at 37°C.

C. elegans strains and growth conditions
C. elegans hermaphrodites were maintained at 20°C on nematode growth medium (NGM) plates
seeded with E. coli OP50 as the food source unless otherwise indicated. Bristol N2 was used as the
wild-type control unless otherwise indicated. The following strains were used in the study: KU4
sek-1(km4), KU25 pmk-1(km25), NU3 dbl-1(nk3), JIN1375 hlh-30(tm1978), xbp-1(tm2482), RB545 pek-
1(ok275), RB772 atf-6(ok551), and RB1085 tir-1(qd4). Some of the strains were obtained from the
Caenorhabditis Genetics Center (University of Minnesota, Minneapolis, MN). The dbl-1(nk3);pmk-
1(km25) strain was obtained by a standard genetic cross.

Construction of the npl-4 RNAi clone
The 1581-base-pair full-length cDNA of npl-4.1 was amplified using the forward primer 5’-
GCTCCCGGGATGGTACTTGAAGTCCCTCA -3’ and the reverse primer 5’-
AGGTCTAGAATCGGCAGCTGGCAATCCAC -3’. Because the nucleotide sequence of the npl-4.1 gene is
99% identical to that of the npl-4.2 gene, the cloned cDNA will target both of these genes.
Therefore, the clone is referred to as npl-4. The fragment was cloned into the SmaI and XbaI sites
of pL4440 (Open Biosystems) and transformed into E. coli HT115(DE3) cells.

https://doi.org/10.7554/eLife.94310.1
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RNA interference (RNAi)
RNAi was used to generate loss-of-function phenotypes by feeding worms with E. coli strain
HT115(DE3) expressing double-stranded RNA homologous to a target C. elegans gene. RNAi was
carried out as described previously (Das et al., 2023     ). Briefly, E. coli HT115(DE3) with the
appropriate vectors were grown in LB broth containing ampicillin (100 μg/mL) at 37°C overnight
on a shaker, concentrated ten times, and plated onto RNAi NGM plates containing 100 μg/mL
ampicillin and 3 mM isopropyl β-D-thiogalactoside (IPTG). The plated bacteria were allowed to
grow overnight at 37°C. For synchronization of worms, gravid adults were transferred to RNAi-
expressing bacterial lawns and allowed to lay eggs for 2 hours. The gravid adults were removed,
and the eggs were developed at 20°C for 96 hours. For protease and IPR genes co-RNAi with ufd-1,
E. coli HT115(DE3) with the appropriate vectors were grown separately at 37°C overnight until
growth saturation. Then, the RNAi cultures were mixed in a ratio of 1:1, concentrated ten times,
and plated onto RNAi plates, followed by overnight growth at 37°C. We used all the protease and
pals genes that were upregulated upon ufd-1 RNAi and were present in the Ahringer RNAi library.
For experiments involving elt-2 RNAi, the worms were grown on the control empty vector (EV) and
ufd-1 RNAi for 48 hours at 20°C to obtain the L4 stage worms. Afterward, the worms grown on EV
were transferred to EV+elt-2 RNAi plates, and those grown on ufd-1 RNAi were transferred to
EV+ufd-1 and ufd-1+elt-2 RNAi plates. This was followed by the incubation of the worms at 20°C for
another 48 hours before transferring to P. aeruginosa plates.

C. elegans killing assay on P. aeruginosa PA14
The full-lawn killing assays of C. elegans on P. aeruginosa PA14 were carried out as described
earlier (Singh and Aballay, 2019a     ). Briefly, P. aeruginosa PA14 cultures were grown by
inoculating individual bacterial colonies into 2 mL of LB broth and growing them for 8–10 hours
on a shaker at 37°C. Then, 20 µL of the culture was spread on the complete surface of 3.5-cm-
diameter standard slow-killing (SK) plates (modified NGM agar plates (0.35% instead of 0.25%
peptone)). The plates were incubated at 37°C for 12-16 hours and then cooled to room temperature
for at least 30 min before seeding with synchronized gravid adult hermaphrodite worms. The
killing assays were performed at 25°C, and live animals were transferred to fresh plates after
every 24 hours. Animals were scored at the indicated times and considered dead when they failed
to respond to touch. At least three independent experiments were performed for each condition.

P. aeruginosa-GFP colonization assay
The P. aeruginosa PA14-GFP colonization assays were carried out as described earlier (Das et al.,
2023     ; Singh and Aballay, 2019b     ). Briefly, bacterial cultures were prepared by inoculating
individual bacterial colonies into 2 mL of LB broth containing 50 μg/mL kanamycin and growing
them for 8-10 hours on a shaker at 37°C. Then, 20 μL of the culture was spread on the complete
surface of 3.5-cm-diameter SK plates containing 50 μg/mL kanamycin. The plates were incubated
at 37°C for 12-16 hours and then cooled to room temperature for at least 30 min before seeding
with gravid adult hermaphrodite worms. The assays were performed at 25°C. At indicated times,
the worms were picked under a non-fluorescence stereomicroscope and visualized within 5
minutes under a fluorescence microscope.

Quantification of intestinal bacterial loads
The quantification of intestinal P. aeruginosa PA14-GFP load was carried by measuring colony-
forming units (CFU) as described earlier (Das et al., 2023     ). Briefly, P. aeruginosa PA14-GFP lawns
were prepared as described above. At the indicated times for each experiment, the animals were
transferred from P. aeruginosa-GFP plates to the center of fresh E. coli OP50 plates thrice for 10
minutes each to eliminate bacteria stuck to their body. Afterward, ten animals/condition were
transferred into 50 μL of PBS containing 0.01% triton X-100 and ground using glass beads. Serial
dilutions of the lysates (101, 102, 103, 104) were seeded onto LB plates containing 50 μg/mL of
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kanamycin to select for P. aeruginosa-GFP cells and grown overnight at 37°C. Single colonies were
counted the next day and represented as the number of bacterial cells or CFU per animal. Six
independent experiments were performed for each condition.

Pharyngeal Pumping Assay
For the pharyngeal pumping assay without P. aeruginosa PA14 exposure, wild-type N2 animals
were grown on appropriate RNAi clones till 1-day-old adults before the measurements. For the
pharyngeal pumping assay with P. aeruginosa PA14 exposure, wild-type N2 animals were grown
on appropriate RNAi clones till 1-day-old adults, followed by exposure to P. aeruginosa PA14 for 12
hours at 25°C before measurements. The number of contractions of the terminal bulb of the
pharynx was counted for 30 seconds per worm. The pumping rates for at least 30 worms were
recorded for each condition.

C. elegans lifespan assays
Lifespan assays were performed as described earlier (Das et al., 2023     ). Briefly, the assays were
performed on RNAi plates containing E. coli HT115(DE3) with appropriate vectors in the presence
of 50 µg/mL of 5-fluorodeoxyuridine (FUdR). Animals were synchronized on RNAi plates without
FUdR and incubated at 20°C. At the late L4 larval stage, the animals were transferred onto the
corresponding RNAi plates containing 50 µg/mL of FUdR and incubated at 20°C. Animals were
scored every day as live, dead, or gone. Animals that failed to display touch-provoked movement
were scored as dead. Animals that crawled off the plates were censored. Experimental groups
contained more than 60 animals per condition per replicate. Young adult animals were considered
as day 0 for the lifespan analysis. Three independent experiments were performed.

RNA isolation
RNA isolation was carried out as described earlier (Singh and Aballay, 2017     ). Briefly, animals
were synchronized by egg laying. Approximately 35 N2 gravid adult animals were transferred to
10-cm RNAi plates seeded with E. coli HT115 expressing the appropriate vectors and allowed to lay
eggs for 4 hours. The gravid adults were then removed, and the eggs were allowed to develop at
20°C for 96 hours. The animals were then collected, washed with M9 buffer, and frozen in TRIzol
reagent (Life Technologies, Carlsbad, CA). Total RNA was extracted using the RNeasy Plus
Universal Kit (Qiagen, Netherlands). Residual genomic DNA was removed using TURBO DNase
(Life Technologies, Carlsbad, CA).

RNA sequencing and data analysis
Total RNA samples for N2 animals grown on control empty vector and ufd-1 RNAi were isolated
from three biological replicates as described above. Library preparation and sequencing were
performed at the Novogene Corporation Inc, USA. The cDNA libraries were sequenced on HiseqX
sequencing platform using 150 bp paired-end nucleotide reads.

The RNA sequence data were analyzed using the web platform Galaxy (https://usegalaxy.org/     ).
The paired reads were first trimmed using the Trimmomatic tool. The trimmed reads obtained for
each sample were mapped to the C. elegans genome (WS220) using the aligner STAR. The number
of reads mapped to each gene was counted using the htseq-count tool. Differential gene expression
analysis was then performed using DESeq2. Genes exhibiting at least two-fold change and P-value
<0.01 were considered differentially expressed. Gene ontology analysis was performed using the
DAVID Bioinformatics Database (https://david.ncifcrf.gov/tools.jsp     ). The overlap of the
upregulated genes with previously published datasets was carried out with WormExp v 2.0 (https:
//wormexp.zoologie.uni-kiel.de/wormexp/     ) (Yang et al., 2016b     ). The Venn diagrams were
obtained using the web tool BioVenn (https://www.biovenn.nl/     ) (Hulsen et al., 2008     ).
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Fluorescence imaging
Fluorescence imaging was carried out as described previously (Gokul and Singh, 2022     ; Ravi et
al., 2023     ). Briefly, the animals were anesthetized using an M9 salt solution containing 50 mM
sodium azide and mounted onto 2% agarose pads. The animals were then visualized using a Nikon
SMZ-1000 fluorescence stereomicroscope. The fluorescence intensity was quantified using Image J
software.

Quantification and statistical analysis
The statistical analysis was performed with Prism 8 (GraphPad). All error bars represent
mean±standard deviation (SD). The two-sample t-test was used when needed, and the data were
judged to be statistically significant when p < 0.05. In the figures, asterisks (*) denote statistical
significance as follows: *, p<0.05, **, p<0.01, ***, p<0.001, as compared with the appropriate
controls. The Kaplan-Meier method was used to calculate the survival fractions, and statistical
significance between survival curves was determined using the log-rank test. All experiments
were performed in triplicate.
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Supplementary Figures

Table S1: Upregulated and downregulated genes in ufd-1 RNAi versus empty vector (EV) control
RNAi N2 animals. Genes exhibiting at least two-fold change and P-value <0.01 were considered
differentially expressed.
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Figure S1.

Inhibition of the UFD-1-NPL-4 complex does not affect the pharyngeal pumping rate

(A) Pharyngeal pumps per 30 sec of N2 animals grown on ufd-1 and npl-4 RNAi along with the empty vector (EV) control RNAi.
*P < 0.05 via the t-test. n.s., nonsignificant (n = 45 worms each).
(B) Pharyngeal pumps per 30 sec of N2 animals grown on EV control, ufd-1, and npl-4 RNAi followed by incubation on P.
aeruginosa PA14 at 25°C for 12 hours. ***P < 0.001 and **P < 0.01 via the t-test (n = 30 worms each).

Figure S2.

Reduced gut colonization upon ufd-1 knockdown is independent of the tir-1 immunity pathway

(A) Representative survival plots of tir-1(qd4) animals on P. aeruginosa PA14 at 25°C after treatment with the empty vector (EV)
control and ufd-1 RNAi. The difference between the EV and ufd-1 RNAi survival plots is nonsignificant.
(B) Representative fluorescence images of tir-1(qd4) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth
on the EV control and ufd-1 RNAi bacteria. Scale bar = 200 μm.
(C) Quantification of GFP levels of tir-1(qd4) animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on the
EV control and ufd-1 RNAi bacteria. ***P < 0.001 via the t-test (n = 20 worms each).
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Figure S3.

Knockdown of ufd-1 dictates survival of different worm strains on P. aeruginosa

(A) Representative survival plots of worm strains on P. aeruginosa PA14 at 25°C after treatment with the empty vector (EV)
control RNAi.
(B) Representative survival plots of worm strains on P. aeruginosa PA14 at 25°C after treatment with ufd-1 RNAi.
The data in (A) and (B) is pooled from the data from Figures 1     -3      and Figure S2     .

Figure S4.

Gene ontology enrichment analysis for ufd-1 RNAi downregulated gene

(A)-(C) Gene ontology enrichment analysis for ufd-1 RNAi downregulated genes for biological processes (A), cellular
component (B), and molecular function (C).
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Figure S5.

Individual protease or intracellular pathogen response genes
are not involved in reduced colonization of ufd-1 RNAi animals

(A) Quantification of GFP levels of N2 animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on indicated
RNAi bacteria. P-values in comparison to EV and EV+ufd-1 RNAi are indicated. ***P < 0.001 and **P < 0.01 via the t-test. n.s.,
nonsignificant (n = 18–19 worms each).
(B) Quantification of GFP levels of N2 animals incubated on P. aeruginosa-GFP for 24 hours at 25°C after growth on indicated
RNAi bacteria. P-values in comparison to EV are shown. P-values for all the co-RNAi treatments in comparison to EV+ufd-1
RNAi are nonsignificant. n = 19–20 worms each.
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Reviewer #1 (Public Review):

1. I suggest that the author's choose a different term in their title, abstract and manuscript to
describe the phenotypes associated with ufd-1 and npl-4 knockdown other than an
"inflammation-like response." Inflammation is a pathological term with four cardinal signs:
redness (rubor), swelling (tumor), warmth (calor) and pain (dolor). These are not symptoms
know to occur in C. elegans. The authors could consider using "tolerance" instead, as this
term may better describe their findings.

2. It would help the reader to better understand the novelty of the findings in this study if the
authors include a paragraph in their introduction to put their results in context of the
published literature that has examined the relationship between immune activation and
nematode health and survival. In particular, I suggest that the authors discuss
doi:10.7554/eLife.74206 (2022), a study that charcterized a similar observation to what the
authors are reporting. This study found that low cholesterol reduces pathogen tolerance and
host survival during pathogen infection. Cholesterol scarcity increases p38 PMK-1
phosphorylation, priming immune effector induction in a manner that reduces pathogen
accumulation in the intestine during a subsequent infection. I also suggest that the authors
highlight in this introductory paragraph that the toxic effects of inappropriate immune
activation in C. elegans has been widely catalogued. For example:
doi.org/10.1371/journal.ppat.1011120 (2023); doi:10.1186/s12915-016-0320-z (2016).;
doi:10.1126/science.1203411 (2011); doi:10.1534/g3.115.025650 (2016).

In this context, the authors could consider re-wording their novelty claim in the abstract and
introduction to take into account this previous body of work.

3. The authors rely on the use of RNAi of ufd-1 and npl-4 to study their effect on P. aeruginosa
colonization and pathogen resistance throughout the manuscript. To address the possibility
of off-target effects of the RNAi, the authors should consider both (i) showing with qRT-PCR
that these genes are indeed targeted during RNAi, and (ii) confirming their phenotypes with
an orthologous technique, preferably by studying ufd-1 and npl-4 loss-of-function mutants
[both in the wild-type and sek-1(km4) backgrounds]. If mutation of these genes is lethal, the
authors could use Auxin Inducible Degron (AID) technology to induce the degradation of
these proteins in post-developmental animals.

4. I am confused about the authors explanation regarding their observation that inhibition of
the UFD-1/ NPL-4 complex extends the lifespan of sek-1(km25) animals, but not pmk-1(km25)
animals, as SEK-1 is the MAPKK that functions immediately upstream of the p38 MAPK PMK-1
to promote pathogen resistance.

I am also confused why their RNA-seq experiment revealed a signature of intracellular
pathogen response genes and not PMK-1 targets, which the authors propose is accounting for
toxic immune activation. Activation of which immune response leads to toxicity?

5. The authors did not test alternative explanations for why UFD-1/ NPL-4 complex inhibition
compromises survival during pathogen infection, other than exuberant immune activation.
For example, it is possible that inhibition of this proteosome complex shortens lifespan by
compromising the general health/ normal physiology of nematodes. Immune responses could
be activated as a secondary consequence of this stress, and not be a direct cause of early
morality. Does sek-1(km4) mutant suppress the lifespan shortened lifespan of ufd-1 and npl-4
knockdown? This experiment should also be done with loss-of-function mutants, as noted in
point 3.

6. The conclusion of Figure 6 hinges on an experiments that uses double RNAi to knockdown
two genes at the same time (Fig. 6D and 6G), an approach that is inherently fraught in C.
elegans biology owing the likelihood that the efficiency of RNAi-mediated gene knockdown is

https://doi.org/10.7554/eLife.94310.1
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compromised and may account for the observed phenotypes. The proper control for double
RNAi is not empty vector + ufd-1(RNAi), but rather gfp(RNAi) + ufd-1(RNAi), as the
introduction of a second hairpin RNA is what may compromise knockdown efficiency. In this
context, it is important to confirm that knockdown of both genes occurs as expected (with
qRT-PCR) and to confirm this phenotype using available elt-2 loss-of-function mutants.

7. A supplementary table with the source data for at least three replications (mean lifespan,
n, statistical comparison) for each pathogenesis assay should be included in this manuscript.

https://doi.org/10.7554/eLife.94310.1.sa1

Reviewer #2 (Public Review):

Summary:
The authors aimed to uncover what role, if any, the UFD1/NPL4 complex might play in the
innate immune responses of the nematode C. elegans. The authors find that loss of the
complex renders animals more sensitive to both pathogenic and non-pathogenic bacteria.
However, there appears to be a complex interplay with known innate immune pathways
since the loss of UFD1/NPL4 actually results in increased survival of animals lacking the
canonical innate immune pathways.

Strengths:
The authors perform robust genetic analysis to exclude and include possible mechanisms by
which the UFD1/NPL4 pathway acts in the innate immune response.

Weaknesses:
The argument that the loss of the UFD1/NPL4 complex triggers a response that mimics that of
an intracellular pathogen has not been thoroughly investigated. Additionally, the finding of a
role of the GATA transcription factor, ELT-2, in this response is suggestive, but experiments
showing sufficiency in the context of loss of the UFD1/NPL4 complex need to be explored.

https://doi.org/10.7554/eLife.94310.1.sa0
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