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The development of acute kidney injury (AKI) in patients with sepsis causes significant morbidity and mortality. The
pathogenesis of AKI in sepsis is incompletely understood. In this issue of the JCI, Hato et al. investigate the renal
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major pathway in mediating septic AKI. The results of this study suggest that inhibiting this pathway could be a potential
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Acute kidney injury in sepsis
The development of acute kidney injury
(AKI) remains a major cause of increased
mortality among critically ill patients with
bacterial sepsis (1). Despite the availabili-
ty of dialytic renal replacement therapy,
the benefit of increasing the delivered
dose or earlier initiation of dialysis in sep-
tic patients with AKI remains controver-
sial (2-4). Unfortunately, no therapeutic
option is available for preventing or revers-
ing sepsis-associated AKI. The lack of
therapeutic options, in part, stems from an
incomplete understanding of the drivers of
kidney injury during sepsis.

Host defense: disease
resistance and tolerance

Host defense against pathogens requires
both disease resistance and disease tol-
erance (5). Disease resistance against
an infection encompasses the ability of
the host to detect and eliminate invading
pathogens. Disease tolerance involves
activation of adaptive mechanisms to
limit tissue damage caused by the inflam-
matory response. Adaptive pathways in
disease tolerance include metabolic and
physiologic responses that occur at cellu-
lar, tissue, and systemic levels. The most
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The development of acute kidney injury (AKI) in patients with sepsis causes
significant morbidity and mortality. The pathogenesis of AKI in sepsis is
incompletely understood. In this issue of the JCI, Hato et al. investigate the
renal translatome during bacterial sepsis and identify the global shutdown
of renal protein translation mediated by the eukaryotic translation initiation
factor 2-a kinase 2/eukaryotic translation initiation factor 2a. (EIF2AK2/
elF2¢) axis as a major pathway in mediating septic AKI. The results of this
study suggest that inhibiting this pathway could be a potential therapeutic

recent consensus definition of sepsis states
that it is a condition with life-threatening
organ dysfunction due to dysregulated
host defense against infection (6). Yet our
understanding of which aspects of the
host defense are dysregulated, leading to
pathology, and which manifestations are
adaptive, promoting survival and tissue
protection, is incomplete. Our understand-
ing of septic kidney disease is also incom-
plete. There is a growing appreciation of
the need to better understand and identify
disease tolerance pathways in the context
of sepsis-induced AKI (7).

Stress-response adaptation pathways,
including the integrated stress response
(ISR) and unfolded protein response (UPR)
in response to ER stress, are central to both
the resistance and tolerance arms of host
defense. ISR and UPR are both highly con-
served pathways that respond to cellular
stressors and activate adaptive pathways
to recover cellular homeostasis. In the case
of disease resistance, many antimicrobi-
al pathways are activated by both ISR and
UPR pathways (8, 9). A shared effect of the
ISR and UPR pathways is regulation of pro-
tein translation, whereby there is a marked
decrease in global protein translation along
with increased expression and translation
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of a select group of genes that are activated
to support cellular recovery. In both path-
ways, if the stress becomes too excessive or
prolonged, pathways of cellular apoptosis
are engaged. This apoptotic arm of these
stress-response pathways is an attractive
therapeutic target in states of excessive and
chronic injury and/or inflammation.

The ISR is initiated by eukaryotic trans-
lation initiation factor 20 (eIF2a) phosphor-
ylation. The four eIF2a kinases that make
up the ISR include dsRNA-dependent pro-
tein kinase (PKR, also known as eukaryotic
translation initiation factor 2-a kinase 2
[EIF2AK2]), PKR-like ER kinase (PERK),
heme-regulated eIF2a kinase (HRI), and
general control nonderepressible 2 (GCN2)
(10). Although each kinase was initially
described asresponsive to distinct stressors
(dsRNA for PKR, UPR for PERK, heme for
HRI, and amino acid deficiency for GCN2),
many are activated by multiple stimuli.
For example, in addition to responding to
dsRNA and promoting antiviral respons-
es, PKR is also activated by other stimuli,
including bacteria, fatty acids, ER stress,
cytokines, and DNA damage (11).

ISR and protein translation

in septic AKI

In this issue, Hato et al. provide evidence
for PKR-mediated global protein transla-
tional shutdown as a potential mechanism
of renal dysfunction in the context of sep-
sis and as a potential therapeutic target
to minimize septic AKI (12). In a careful
time-course analysis of the kidney after
LPS challenge, a model of bacterial sepsis,
Hato et al. have provided an impressive
database of the dynamics of the trans-
latome of the septic mouse kidney. These
data were generated using nascent pro-
teomics, in which only newly synthesized
proteins are labeled and identified by mass
spectrometry, Ribo-Seq, which captures
active mRNA translation, and RNA-Seq,
which captures the transcriptome. Pro-
tein translation within the kidney initially
increased during the first few hours after
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Figure 1. Targeting the ISR in bacterial sepsis to limit kidney injury. Inhibition of the PKR/elF2a axis
limits global renal protein translation shutdown and the development of AKI in mouse models of
bacterial sepsis. Further research will be needed to determine whether systemic inhibition of ISR will
deter adaptive stress responses in other organs or alter pathogen control by the immune system.

LPS challenge, consistent with the inflam-
matory response; however, there was a
dramatic decrease in translation of most
proteins at later time points. A subset of
proteins was not affected by the global
shutdown of translation, and these includ-
ed antiviral proteins, which corresponded
to increased expression of EIF2AK2, but
not the other ISR kinases. Without affect-
ing the overall inflammatory response to
LPS, systemic treatment with ISRIB, an
ISR inhibitor, protected mice against the
late suppression of protein translation
as well as AKI development when given
within the first hour after LPS challenge.
These findings are compelling and raise
the possibility that ISR activation, via the
EIF2AK2/elF2a pathway, and subsequent
suppression of protein translation in the
kidney is a maladaptive, rather than an
adaptive, response to sepsis and is central
to the development of sepsis-induced AKI
(Figure 1). In addition to identifying a new,
potential therapeutic target for preventing
or treating septic AKI, Hato et al. have also
provided a vast and impressive data set
that captures the proteome, translatome,
and transcriptome of the kidney across
multiple time points during sepsis (12).
This database allows for a dynamic and
comprehensive picture of gene expression
from transcription to protein translation
across the timeline of sepsis. These data,

available to the scientific community, can
be used to further understand the effect of
sepsis on the kidney and identify other tar-
getable pathways.

Potential limitations in
inhibiting stress-adaptation
pathways

Before attempting clinical translation of
ISR inhibition in septic patients to pre-
vent AKI, there are several aspects of this
approach, especially in the context of
bacterial sepsis, that will require further
investigation (Figure 1). First, there is a sig-
nificant dynamic and time-specific aspect
to the control of protein translation, indi-
cating that appropriate timing of the pro-
posed therapeutic intervention to prevent
global protein translational shutdown will
be important. Could ISR inhibition disrupt
proteostasis and cause the development
of UPR and ER stress? Furthermore, treat-
ment with ISRIB was only protective when
given during the early time period after LPS
administration. In animal models, the time
of initiation of sepsis is controlled. Further
research will be needed before we can
identify with confidence where a patient
presents in the timeline of sepsis. Second,
disease resistance could also be compro-
mised, as ISR pathways are important in
pathogen clearance (9). Third, there is also
growing evidence that autophagy is a crit-
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ical protective mechanism against sepsis
pathology (13), adding concern for inad-
vertent disruption of autophagy with ISR
inhibition due to the integral link between
autophagy and the ISR (14). Hato et al. used
a sublethal dose of LPS in their investiga-
tion of the renal translatome, and only kid-
ney function, as estimated by serum creat-
inine, and kidney injury biomarkers were
assessed. As sepsis is a systemic disease
that affects multiple organs, could inhibi-
tion of ISR in the kidney be protective, but
cause cellular stress in other organs that
are dependent on ISR for tissue tolerance
and survival? Although the development
of AKI dramatically increases mortality in
sepsis, it remains unclear whether the kid-
neys are the limiting organs in all cases of
mortality with septic AKI. A recent clinical
trial of early and late initiation of dialysis in
septic patients who develop AKI noted that
approximately a quarter of patients with
spontaneous recovery of renal function in
the late dialysis group subsequently died,
suggesting that the kidneys were not likely
the limiting organs for the survival of those
patients (4). Finally, there is emerging
evidence that immunosuppression occurs
during the late stages of sepsis (15). This
immunosuppression associates with sec-
ondary opportunistic infections, includ-
ing latent viral reactivation, and increased
mortality (16, 17). Although PKR activation
and induction of antiviral programs appear
to be pathologic and inappropriate in the
context of a bacterial stimulus, activation
of antiviral responses, either locally in the
kidney or systemically, may be an adaptive
program designed to limit opportunistic
infections during the immunosuppressive
phase of sepsis. Thus, the effects of pre-
venting adaptive ISR protein translation
shutdown in the kidney as well as in other
vital organs and the immune system during
sepsis will need to be further investigated.
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