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Introduction
Sepsis is a life-threatening organ dysfunction that is mainly caused 
by an inadequate or dysregulated host response to infection (1). 
Worldwide, each year there are approximately 49 million patients 
diagnosed with sepsis and 11 million sepsis-related deaths (2). In 
the United States alone, it is estimated that 1.7 million adults are 

diagnosed with sepsis each year, and approximately 30%–50% of 
hospitalized patients die from sepsis (3, 4), making it one of the 
deadliest human diseases. Despite efforts to reduce its incidence 
and mortality, the numbers are rising every year (5), burdening 
society and the health care system (2).

Most patients affected by sepsis are elderly, have multiple comor-
bidities, and have a functionally impaired immune system (6, 7). Addi-
tionally, the physiopathology of sepsis differs according to age: young 
patients develop a preeminent, systemic proinflammatory response, 
whereas elderly patients tend to have an uncontrollable antiinflam-
matory response (8, 9). Correspondingly, the cause of death and the 
ideal therapy differ between these patient groups, and, unfortunately, 
clinical trials only exceptionally consider these differences (10).

Sepsis remains a leading cause of death for humans and currently has no pathogenesis-specific therapy. Hampered 
progress is partly due to a lack of insight into deep mechanistic processes. In the past decade, deciphering the functions 
of small noncoding miRNAs in sepsis pathogenesis became a dynamic research topic. To screen for new miRNA targets 
for sepsis therapeutics, we used samples for miRNA array analysis of PBMCs from patients with sepsis and control 
individuals, blood samples from 2 cohorts of patients with sepsis, and multiple animal models: mouse cecum ligation 
puncture–induced (CLP-induced) sepsis, mouse viral miRNA challenge, and baboon Gram+ and Gram– sepsis models. 
miR-93-5p met the criteria for a therapeutic target, as it was overexpressed in baboons that died early after induction of 
sepsis, was downregulated in patients who survived after sepsis, and correlated with negative clinical prognosticators for 
sepsis. Therapeutically, inhibition of miR-93-5p prolonged the overall survival of mice with CLP-induced sepsis, with a 
stronger effect in older mice. Mechanistically, anti–miR-93-5p therapy reduced inflammatory monocytes and increased 
circulating effector memory T cells, especially the CD4+ subset. AGO2 IP in miR-93–KO T cells identified important 
regulatory receptors, such as CD28, as direct miR-93-5p target genes. In conclusion, miR-93-5p is a potential therapeutic 
target in sepsis through the regulation of both innate and adaptive immunity, with possibly a greater benefit for elderly 
patients than for young patients.
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Results
miR-93-5p is a potential therapeutic target in sepsis. The workflow to 
select the best putative candidate miRNA for the potential develop-
ment of an anti-miRNA therapy is presented in Figure 1A. We start-
ed by using previously reported genome-wide miRNA expression 
data (20, 22), in which we compared PBMCs from patients with 
sepsis versus those from healthy individuals. Principal component 
analysis (PCA) showed a separate grouping of control and sepsis 
samples in the 3 main principal component dimensions (Supple-
mental Figure 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI158348DS1). We found 5 miR-
NAs that were markedly upregulated (miR-16-5p, miR-93-5p, miR-
182-5p, miR-486-5p, and kshv-miR-K12-12*) and 7 miRNAs that 
were substantially downregulated (miR-26a-5p, miR-26b-5p, miR-
146a-5p, miR-23a-3p, miR-150-5p, miR-342-3p, and kshv-miR-
K12-10b) in PBMCs from patients with sepsis compared with con-
trol PBMCs (Figure 1B). As miRNA restoration therapy has been 
shown to induce multiple side effects, including a life-threatening 
systemic inflammatory response syndrome (27), we decided to 
focus on miRNAs that are overexpressed in sepsis. Moreover, viral 
miRNAs were not further investigated as therapeutic targets, since 
humans, baboons, and mice are not affected by the same viruses, 
thus imposing limitations for further in vivo studies.

We used the murine CLP-induced sepsis model, which is con-
sidered to more closely resemble human sepsis among the avail-
able mouse models (28) (Figure 1C). We observed the induction 
of 16 proinflammatory and 3 antiinflammatory cytokines in the 
CLP-induced sepsis group compared with the sham surgery–treat-
ed group (8-month-old mice, n = 10 mice per group) (Figure 1D), 
proving the occurrence of sepsis after CLP but not after sham 
surgery. All 4 aforementioned nonviral miRNAs that were upreg-
ulated in patients with sepsis were significantly overexpressed in 
plasma from mice in the CLP group compared with plasma from 
the sham-operated group (Figure 1E).

In a previous study, we showed that viral kshv-miR-K12-12* was 
upregulated in patients with sepsis and acted as a direct agonist of 
TLR8, contributing to the pathophysiology of sepsis (22). To assess 
whether any of the candidate miRNAs are regulated by the path-
ways activated by viral miRNAs, we injected 8-week-old C57BL/6J 
mice i.p. with kshv-miR-K12-12* or the scrambled negative control 
(a miRNA mimic molecule with no effect on miRNA functions) 
(Supplemental Figure 2A). Circulating viral kshv-miR-K12-12* was 
significantly increased 24 hours after i.p. injection, confirming suc-
cessful delivery. This caused an induction of miR-93-5p and miR-
16-5p in mice injected with kshv-miR-K12-12*, whereas miR-182-5p 
showed no significant changes (Supplemental Figure 2B).

To explore the involvement of these miRNAs in sepsis-relat-
ed immunobiology, we used a publicly available data set of global 
miRNA expression by microarray in CD14+ monocytes, CD15+ gran-
ulocytes, CD56+ NK cells, CD3+ T cells, and CD19+ B cells from 7 
healthy donors sampled at multiple time points (n = 10) (29) (Sup-
plemental Figure 2C). miR-182 showed the lowest expression, fol-
lowed by miR-486. miR-93 showed high and consistent expression 
across all samples, with the highest levels in monocytes and gran-
ulocytes and moderate yet substantial expression in B, T, and NK 
cells. Very high levels of miR-16 were present in all cell types from 
all samples. miR-16 is thus already expressed at exceptionally high 

Clinical trials for sepsis using therapies that target the patho-
genic pathways are notoriously likely to fail (11). Recent data 
showed that sepsis clinical trials would have obtained better 
results if a stratification according to clinical phenotypes of sepsis 
had been done before therapy (10). Therefore, a proper selection 
of patients according to clinical phenotypes may increase the like-
lihood of success. Also, the in vivo models of sepsis used to devel-
op many of the therapies that ultimately failed also neglected the 
critical biological differences of age and typically used young ani-
mals in preclinical tests for new therapies (12).

Sepsis immunobiology has yet to be completely deciphered: 
distinct phases of hyperinflammation and immunoparalysis have 
been identified that can occur sequentially or simultaneously (13). 
Death can occur at both stages: hyperinflammation can induce 
early death due to uncontrolled hyperinflammatory reactions or 
late death due to inflammation-induced organ injury or multior-
gan failure, while immunoparalysis can induce late death due to 
immunosuppression-associated recurrent infections or suprain-
fections (14). Indeed, long-term follow-up of patients with sepsis 
revealed that both patients with persistently high levels of proin-
flammatory biomarkers and patients with high levels of immuno-
suppressive biomarkers had shorter long-term survival compared 
with those with normal levels after sepsis recovery (15). The state 
of hyperinflammation is mainly driven by innate immune cells 
(monocytes, macrophages, and neutrophils), the complement cas-
cade, and the coagulation system (13), while immunosuppression 
and immunoparalysis largely affect the adaptive immune system, 
including CD4+ and CD8+ T lymphocytes displaying an increased 
expression of inhibitory receptors (16, 17). Some exceptions exist; 
for example, it is known that peritoneal neutrophils produce high 
amounts of IL-10 in the early phase of cecal ligation and puncture–
induced (CLP-induced) sepsis (18).

miRNAs are small noncoding RNAs that can bind mRNA “tar-
gets” by imperfect sequence complementarity and cause the deg-
radation of these mRNAs or inhibit their translation (19). miRNAs 
were initially associated with sepsis over a decade ago (20), and 
multiple other studies have further confirmed miRNA dysregula-
tion (21). In addition, we showed that both endogenous miRNAs, 
and also viral miRNAs that can bind TLR8, are altered in sepsis 
(22, 23), that miRNA networks in sepsis are reorganized (24), and 
that the same sepsis-related miRNAs are dysregulated after sple-
nectomy (25), a condition that increases the risk of sepsis (26).

We used 2 original strategies to develop a potentially new miR-
NA therapy for sepsis. First, we screened multiple animal models 
and clinical sample sets to select dysregulated, immune-related 
miRNAs as potential therapeutic targets for sepsis, and second, 
we tested the miRNA-based therapy in mice of different ages 
and of both sexes to assess their preclinical efficacy. We started 
the in vivo screen using the CLP-induced sepsis mouse model 
(also used for the therapeutic studies) and the Kaposi’s sarcoma– 
associated herpesvirus kshv-miR-K12-12*–induced inflammation 
mouse model, which recapitulates activation of TLRs relevant to 
sepsis (22). Next, we used samples from 2 lethal sepsis baboon 
models to confirm that the selected miRNA target is dysregulated 
in higher primates and in both Gram+ and Gram– sepsis models. 
Finally, we studied the molecular mechanisms regulated by the 
selected miRNAs using in vitro CRISPR/Cas9-KO models.
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In the plasma of the S. aureus (Gram+) sepsis model, the 
expression of miR-93-5p progressively increased from time-point 
0 to a maximum expression level at 10 hours after i.v. injection 
of S. aureus. Two of the 5 baboons analyzed died within 24 hours 
(8 hours, 10 hours — early deaths), while the other 3 survived 
for more than 24 hours (1 for 28 hours and 2 for 7 days – late 
deaths). Thus, we found that early death was associated with high 
miR-93-5p levels also in Gram+ sepsis (Figure 2B). In WBCs from 
baboons in the S. aureus–induced sepsis model, we detected lower  
miR-93-5p expression after sepsis induction compared with 
the increase in miR-93-5p expression detected in WBCs from 
baboons in the E. coli–induced sepsis model, but the expression 
dynamics were similar (Supplemental Figure 3B). We therefore 
hypothesize that miR-93-5p is a potential therapeutic target and 
prognostic biomarker in both Gram– and Gram+ sepsis.

miR-93-5p is located within intron 12 of the coding gene  
minichromosome maintenance complex component 7 (MCM7) at 
chromosome 7q22.1; hence, we wanted to check whether MCM7 
had a similar change in expression after induction of sepsis. In both 
baboon sepsis models, we observed a gradual decrease of MCM7 
in WBCs after induction of sepsis (Supplemental Figure 3, C and 
D), which did not match the observed dynamics of miR-93-5p. 
Therefore, we concluded that different mechanisms regulate the 
expression of the miRNA and the host coding gene.

Low levels of miR-93-5p are associated with long-term survival 
of patients. Twenty-three patients with sepsis from MDACC who 
survived more than 7 days in the intensive care unit (ICU) under-
went serial sample collections at 3 different time points (cohort 1): 
at the diagnosis of sepsis (day 0), 1 day after the diagnosis (day 1), 
and 7 days after the diagnosis (day 7) (Supplemental Table 1). As 
death from sepsis usually occurs within 3 days of the diagnosis (8), 
this cohort represents a subgroup of patients who survived after 
sepsis, selected from an original group of more than 100 patients 
with sepsis. This cohort is composed solely of patients with cancer, 
and sepsis in these patients is characterized mainly by a dysregu-
lated immune response (15, 32). Additionally, the median age of 
this group is 60 years, supporting once more the immunosuppres-
sive sepsis model (8, 9). In whole blood from the long-term sur-
vivors, after the diagnosis of sepsis, kshv-miR-K12-12* expression 
gradually dropped (P < 0.0001) (Figure 2C), and miR-93-5p was 
characterized by an abrupt and significant decrease in expres-
sion (P < 0.001) (Figure 2D), especially between day 1 and day 7. 
kshv-miR-K12-12* expression dropped by 70.72% between day 
0 and day 1 and by 66.85% between day 1 and day 7, while miR-
93-5p dropped by 18.76% between day 0 and day 1 and by 95.33% 
between day 1 and day 7.

We further analyzed a larger and clinically well-annotated 
cohort of cancer patients with sepsis (cohort 2, n = 63, Supple-
mental Table 2), from whom we had collected both plasma and 
PBMCs. We observed that miR-93-5p levels in plasma at the 
time of sepsis diagnosis significantly and positively correlated 
with the Septic Oncologic Patients in the Emergency Depart-
ment (SOPED) score (r = 0.26, P < 0.05) (Figure 2E). SOPED is 
a clinical tool that can predict the risk of 7-day mortality in can-
cer patients with sepsis (33). miR-93-5p levels in plasma at the 
time of sepsis diagnosis were also significantly and positively 
correlated with the absolute lymphocyte count (ALC) (r = 0.47, 

levels in healthy immune cells; therefore, it is questionable that 
further upregulation of this miRNA in sepsis will have important 
functional consequences. To gain further insight into the dynamic  
regulation of these miRNAs in primary human T cells, we activated 
pan–T cells isolated from 3 healthy donors using stimulation with 
CD3/CD28-coated beads and IL-2 for 96 hours. As expected, T 
cell activation induced a significant, on average 150-fold, induc-
tion of IFN-γ (IFNG) transcript levels (P < 0.01) (Supplemental 
Figure 2D). miR-486-5p was expressed at low levels and showed a 
minor decrease in levels upon T cell activation (P = 0.122), whereas  
miR-16-5p was highly expressed and showed no difference between 
resting and activated T cells (P = 0.321) (Supplemental Figure 2, E 
and F). Finally, miR-93-5p was expressed at low levels in resting T 
cells and showed a mean 5-fold induction upon T cell activation (P 
< 0.05) (Supplemental Figure 2G), suggesting a significant involve-
ment of miR-93-5p in T cell dynamics. On the basis of all the above 
sets of data, we considered miR-93-5p to be the most promising 
candidate for further therapeutic investigation.

miR-93-5p is dysregulated in 2 baboon sepsis models. To confirm 
miR-93-5p as a potential therapeutic target, we used 2 baboon 
models of lethal sepsis: (a) live Escherichia coli (30) and (b) heat-in-
activated Staphylococcus aureus (31), both i.v. infused. In the plas-
ma of the baboon E. coli sepsis model (Gram–), the expression of 
miR-93-5p progressively increased from time-point 0 (just before 
bacterial induction), reaching maximum expression 8 to 10 hours 
after sepsis was induced (Figure 2A). Of the 6 analyzed baboons, 
3 died within 24 hours (10 hours, 17 hours, and 14 hours, respec-
tively), which was classified as an early death, and the other 3 
survived for more than 24 hours (30 hours, 56 hours, and 7 days, 
which was the survival endpoint, respectively), which was classi-
fied as a late death. We observed that early death was associated 
with higher miR-93-5p levels when compared with levels in the 
late death group (Figure 2A). We also observed the same phenom-
enon in WBCs from animals in the E. coli–induced sepsis model: 
1 of 3 animals, a baboon that survived the challenge, showed an 
early increase in miR-93-5p levels after induction of sepsis and a 
subsequent decrease as it survived (Supplemental Figure 3A).

Figure 1. miR-93-5p is a potential therapeutic target in sepsis. (A) Schemat-
ic workflow of the selection, confirmation, and therapeutic and comprehen-
sive functional characterization of an upregulated miRNA target in sepsis. 
(B) Heatmap displaying the miRNAs most differentially expressed in PBMCs 
from patients with sepsis (n = 8) compared with PBMCs from healthy con-
trols (n = 8). Black arrows represent human miRNAs upregulated in PBMCs 
from patients with sepsis. (C) Representative image of the CLP-induced sep-
sis mouse model (8-month-old mouse). (D) Bar graphs of log2-transformed 
mean plasma levels of measured pro- and antiinflammatory cytokines in 
CLP-induced septic mice (n = 10) relative to sham-operated mice (n = 10). 
All mice were 8 months old. Proinflammatory cytokines: granulocyte-CSF 
(G-CSF), eotaxin, GM-CSF, IFN-γ (IFNG), IL-1α (IL1A), IL-1β (IL1B), IL-2 (IL2), IL-5 
(IL5), IL-6 (IL6), IL-9 (IL9), IL-12 (p40) [IL12(p40)], IL-12 (p70) [IL12(p70)], IL-17 
(IL17), macrophage inflammatory protein 1α (MIP1A), macrophage inflam-
matory protein 1β (MIP1B), TNF-α (TNFA); antiinflammatory cytokines: IL-4 
(IL4), IL-10 (IL10), and IL-13 (IL13). Data represent the mean ± SD. (E) Plasma 
levels of selected miRNAs in sham-operated mice (n = 10) compared with 
CLP-induced septic mice (n = 10). These mice were 8 months old. The relative 
expression level was normalized to cel-miR-39-3p and cel-miR-54-3p. Data 
are presented as the mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, by 
2-tailed Student’s t test.
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P < 0.001) (Figure 2F). In PBMCs, miR-93-5p levels showed no 
correlation with the SOPED or ALC (Supplemental Figure 4, 
A and B). Moreover, the Acute Physiology and Chronic Health 
Evaluation II (APACHE II) score was near-significantly correlat-
ed with miR-93-5p levels in PBMCs (r = 0.23, P = 0.08) (Supple-
mental Figure 4C), but not with miR-93-5p levels in plasma (Sup-
plemental Figure 5A). Conversely, the absolute neutrophil count 
(ANC) was near-significantly correlated with miR-93-5p levels 
in plasma (r = 0.27, P = 0.07) (Supplemental Figure 5B), but not 
with miR-93-5p levels in PBMCs (Supplemental Figure 4D). We 
did not observe any significant correlation for PBMC or plasma  
miR-93-5p levels with the Sepsis-related Organ Failure Assess-
ment (SOFA) score, C-reactive protein (CRP) levels, the Mortali-
ty in Emergency Department Sepsis (MEDS) score, or the Charl-
son Comorbidity Index (CCI) (Supplemental Figure 4, E–H, and 
Supplemental Figure 5, C–F). Therefore, miR-93-5p levels in 
different blood compartments correlated in a different way with 
some clinical prognosticators for sepsis.

miR-93 is part of a cluster of miRNA genes, including miR-25 
and miR-106b, located within intron 12 of the coding gene MCM7. 
Therefore, we checked for any coregulation of the miRNA cluster 
transcripts in sepsis. The levels of miR-25-3p and miR-106b-5p 
in plasma and PBMCs showed a high correlation with miR-93-5p 
levels, suggesting their transcriptional coregulation (Supplemen-
tal Figure 6, A and B). On the other hand, we did not observe any 
correlation between levels of MCM7 and miR-93-5p (neither in 
PBMCs nor plasma) (Supplemental Figure 6, A and B). Addition-
ally, for the significant parameters (SOPED and ALC) and in the 
same biofluid (plasma), we also performed correlation analyses for 
miR-25-3p and miR-106b-5p. We found that miR-25-3p levels sig-
nificantly correlated with the ALC (r = 0.66, P < 0.0001), but not 
with the SOPED score (r = 0.24, P = 0.07) (Supplemental Figure 
6C). In contrast, miR-106b-5p levels significantly correlated with 
the SOPED (r = 0.27, P < 0.05), but not with the ALC (r = –0.07,  
P = 0.65) (Supplemental Figure 6D).

In summary, sepsis survival is associated with a gradual drop 
in the expression of kshv-miR-K12-12* and an abrupt drop in miR-
93-5p expression, and the levels of miR-93-5p at sepsis diagnosis 
correlated with 7-day mortality rates. These data indicated that 
miR-93-5p is a suitable candidate for anti-miRNA therapy.

Anti–miR-93-5p therapy improves survival in old mice with sepsis. 
Next, we investigated the therapeutic potential of targeting miR-
93-5p in the CLP-induced sepsis model (Supplemental Figure 7) 
in mice of different ages. Age and sex were investigated as biolog-
ical variables that would influence sepsis outcome. Age- and sex-
matched mice were treated i.p. with 200 μg/kg anti–miR-93-5p or 
scrambled control miRNA, 24 hours before and 2 hours after the 
induction of sepsis (Figure 3A). We first assessed the levels of miR-
93-5p in plasma and the major organs frequently affected by sepsis. 
At the time of death, we observed a significant decrease in miR-
93-5p levels in all samples from anti–miR-93-5p–treated compared 
with scramble-treated mice, with the largest reduction seen in plas-
ma (fold change decrease of 0.82, P < 0.0001) (Figure 3B), followed 
by kidney and heart (fold change decrease of 0.71 and 0.77 respec-
tively, P < 0.01) and liver (fold change decrease of 0.65, P < 0.05) 
(Figure 3C). Next, we compared the plasma levels of pro- and anti-
inflammatory cytokines between anti–miR-93-5p and scrambled 
control–treated mice. The levels of 6 proinflammatory cytokines 
(granulocyte-macrophage CSF [GM-CSF], IFN-γ, IL-2, IL-6, MCP1, 
and MIP1β) and of 3 antiinflammatory cytokines (IL-4, IL-10, and 
IL-13) were significantly lower in the plasma of mice treated with 
anti–miR-93-5p than in those treated with the scrambled control 
miRNA (Figure 3D). These data suggested that both the systemic 
proinflammatory and the compensatory antiinflammatory respons-
es were diminished by anti–miR-93-5p therapy.

To examine the effect of age on sepsis outcome, we com-
pared young (4.5-month-old) mice, middle-aged (8-month-old) 
mice, and old (16-month-old) mice for the CLP sepsis model. We 
observed an age-dependent survival benefit for mice treated with 
anti–miR-93-5p therapy. In young mice, the median survival was 
32.18 hours for the scrambled control miRNA–treated group ver-
sus 42.18 hours for the anti–miR-93-5p–treated group (P = 0.0498) 
(Figure 3E), whereas in middle-aged mice, the median survival 
difference was more significant, increasing from 39.95 hours for 
the scrambled control miRNA–treated group to 48.57 hours for the  
anti–miR-93-5p–treated group (P = 0.011) (Figure 3F). The most 
robust survival benefit was seen in old mice, with a median sur-
vival of 17.25 hours in the scrambled control miRNA–treated group 
versus 44 hours in the anti–miR-93-5p–treated group (P = 0.009) 
(Figure 3G). A pooled analysis of mice of all ages demonstrat-
ed that anti–miR-93-5p pretreatment and continued treatment 
with anti–miR-93-5p improved the overall survival for mice with 
CLP-induced sepsis (median survival: 32.175 hours for the scram-
bled control group vs. 43.875 hours for anti–miR-93-5p group, P < 
0.0001) (Figure 3H). In a multivariate Cox regression analysis of 
survival that included age and anti–miR-93 therapy, the therapy 
alone was the only factor significantly associated with prolonged 
survival (P = 0.0002) (Table 1).

To investigate whether there was an age-dependent difference 
in the levels of miR-93-5p expression in mice with CLP-induced 
sepsis, we induced sepsis in young (4.5-month-old) mice (n = 3) 
and very old (30-month-old) mice (n = 6). None of the mice was 

Figure 2. miR-93-5p expression in 2 baboon models of sepsis and in 
long-term sepsis survivors. (A) Left panel: Plasma levels of miR-93-5p 
at different time points in an E. coli (Gram –) baboon sepsis model (n = 
6). Purple bar represents the expression of miR-93-5p before death in 
baboons that died late after inoculation; red bar represents the expression 
of miR-93-5p before death in baboons that died early after inoculation. 
Middle panel: miR-93-5p dynamics in E. coli–inoculated baboons that 
died late (n = 3). Right panel: miR-93-5p dynamics in E. coli–inoculated 
baboons that died early (n = 3). (B) Left panel: Plasma levels of miR-93-5p 
at different time points in an S. aureus (Gram+) baboon sepsis model (n 
= 5). Purple bar represents the expression of miR-93-5p before death in 
baboons that died late after inoculation; red bar represents the expression 
of miR-93-5p before death in baboons that died early after inoculation. 
Middle panel: miR-93-5p dynamics in S. aureus–inoculated baboons that 
died late (n = 3). Right panel: miR-93-5p dynamics in baboons S. aureus–
inoculated baboons that died early (n = 2). Expression of (C) miR-K12-12* 
and (D) miR-93-5p in whole blood from long-term survivors of sepsis (n = 
23) at 3 different time points: day 0 = shortly after sepsis diagnosis, day 1 = 
1 day after diagnosis, and day 7 = 7 days after sepsis diagnosis. The relative 
expression level was normalized to U6. Data are presented as the mean ± 
SD. ***P < 0.001 and ****P < 0.0001, by Friedman’s test. (E) Correlation 
between miR-93-5p levels in plasma and SOPED score (n = 59). (F) Correla-
tion between miR-93-5p levels in plasma and the ALC (n = 48). Data were 
evaluated by Pearson’s correlation test (E and F).
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characterized the circulating lymphoid and myeloid cells in sex-
matched, mature 8-month-old mice from 4 different groups of 
mice: control mice (no intervention or treatment), sham-operated 
mice (surgery without sepsis induction), scrambled control miR-
NA–treated mice, and anti–miR-93-5p–treated mice (mice of both 
CLP-induced sepsis models were treated with scrambled control 
miRNA or anti–miR-93-5p, 24 hours before and 2 hours after 
CLP) (Figure 4A). This design helped us investigate the inflam-
mation-specific (differentially expressed in sham-operated,  
scrambled control–treated, and anti–miR-93-5p–treated mice 
vs. control mice); the sepsis-specific (differentially expressed in 
scrambled control– and anti–miR-93-5p–treated mice vs. con-
trol and sham-operated mice); and the anti–miR-93-5p therapy– 
specific (differentially expressed in anti–miR-93-5p–treated 
mice vs. mice in the other 3 groups) changes in immune cells of 
myeloid and lymphoid lineage.

With regard to CD19+ B cells, we observed, as expected (34), 
a significant sepsis-specific decrease in scrambled miRNA and 
anti–miR-93-5p treatment groups compared with the control and 
sham groups (anti–miR-93-5p vs. sham: P < 0.001; scrambled 
control vs. sham: P < 0.01; anti–miR-93-5p vs. control: P < 0.001; 
scrambled control vs. control: P < 0.01) (Supplemental Figure 
10A). The expression of the checkpoint molecule programmed 
death ligand 1 (PD-L1) on B cells resembled an inflammation-spe-
cific response with significant downregulation in the sham (P < 
0.05) and anti–miR-93-5p groups (P < 0.05) compared with the 
control group, and a smaller, nonsignificant reduction in the 
scrambled control group (Supplemental Figure 10B).

The frequency of CD4+ T cells strongly increased in a sep-
sis-specific manner, with higher levels in both scrambled control 
miRNA– and anti–miR-93-5p–treated groups compared with the 
sham-operated and control groups (anti–miR-93-5p vs. sham: P 
< 0.0001, scrambled control vs. sham: P < 0.0001; anti–miR-93-
5p vs. control: P < 0.05, scrambled control vs. control: P < 0.01) 
(Supplemental Figure 10C). Within the CD4+ T cell pool, we fur-
ther noted a sepsis-specific decrease in CD4+ central memory 
T (Tcm) cells (anti–miR-93-5p vs. sham: P < 0.001, scrambled 
control vs. sham: P < 0.01; anti–miR-93-5p vs. control: P < 0.01, 
scrambled control vs. control: P < 0.01) (Supplemental Figure 
10D). Reductions in CD4+ Tcm cells in spleens from the CLP-in-
duced sepsis mouse model have been reported previously (35). 
Conversely, we observed a strong anti–miR-93-5p therapy–spe-
cific increase in CD4+ effector memory T (Tem) cells compared 
with control, sham-operated, and scrambled control miRNA–
treated mice (P < 0.05, P < 0.05, and P < 0.01, respectively) (Fig-
ure 4B). Consistent with the sepsis- and therapy-specific increas-
es observed in the whole CD4+ pool and the CD4+ Tem subset, 
the percentage of CD4+ naive cells was significantly reduced in 
scrambled control miRNA–treated mice and especially in the 
anti–miR-93-5p–treated mice compared with the sham-operat-
ed and control mice (anti–miR-93-5p vs. sham: P < 0.05, scram-
bled control vs. sham: P < 0.01; anti–miR-93-5p vs. control: P < 
0.05) (Supplemental Figure 10E). We observed no differences in 
CD4+CD25+ Treg percentages (Supplemental Figure 10F).

The frequency of CD8+ T cells was not modified among 
the groups, including expression of the programmed cell death 
protein 1 (PD-1) molecule (Supplemental Figure 10, G and H).  

treated with anti–miR-93-5p during the experiment. We observed 
no significant difference in miR-93-5p expression levels among 
these age groups (P = 0.814) (Supplemental Figure 8).

We next analyzed the effects of anti–miR-93-5p therapy at 
the tissue level. We analyzed tissue damage in lungs, hearts, liv-
ers, spleens, and kidneys from the 16-month-old mice with CLP- 
induced sepsis in the aforementioned anti–miR-93-5p survival 
experiment. We observed no histopathological difference in the 
lungs and hearts between the scrambled control miRNA–treated 
and anti–miR-93-5p–treated mice (Supplemental Figure 9, A and 
B). In contrast, we identified significant differences in the abdomi-
nal organs: when compared with anti–miR-93-5p–treated mice, the 
scrambled control miRNA–treated mice showed higher liver injury 
scores, characterized especially by necrosis and immune infiltrates 
(P < 0.05, Supplemental Figure 9C), higher spleen injury scores  
(P < 0.05, Supplemental Figure 9D), and higher kidney injury scores  
(P < 0.05, Supplemental Figure 9E). Morphologically apoptotic 
cells were observed in lungs and spleens, but no difference in their 
numbers between the 2 groups was detected (Supplemental Figure 
9, F and G). Interestingly, in the lungs and spleens of scrambled con-
trol miRNA–treated mice compared with anti–miR-93-5p–treated 
mice, we observed a near-significant (P = 0.08) (Supplemental Fig-
ure 9H) accumulation of periodic acid–Schiff (PAS) stain–positive 
cells with macrophage morphology in the lung interstitium and a 
significantly higher number of PAS+ cells in the splenic white pulp 
(P < 0.05) (Supplemental Figure 9I).

In conclusion, anti–miR-93-5p combined prophylaxis and ther-
apy significantly prolonged the overall survival of mice with CLP- 
induced sepsis, especially if the mice were old, and this survival 
benefit was not linked to differences in the basal level of miR-93-5p 
expression when sepsis occurred, but was most probably due to the 
effect of anti–miR-93-5p in restoring the immune balance.

Anti–miR-93-5p therapy affects the peripheral immune response. 
The effect of anti–miRNA therapy on the immunobiology of the 
host has, to our knowledge, never been reported. Therefore, we 

Figure 3. Effect of anti–miR-93-5p therapy in the CLP-induced sepsis 
model. (A) Twenty-four hours before CLP-induced sepsis, male and 
female C57BL/6 mice of different ages were treated i.p. with scrambled 
miRNA or anti–miR-93-5p. The treatment was repeated 2 hours after 
the induction of sepsis. Mice were followed up for 72 hours after CLP. (B) 
Plasma levels of miR-93-5p in septic mice treated with scrambled miRNA 
(n = 6) compared with septic mice treated with anti–miR-93-5p (n = 6). 
(C) Tissue levels of miR-93-5p in mice with sepsis treated with scrambled 
miRNA (n = 6) compared with septic mice treated with anti–miR-93-5p 
(n = 7) in organs frequently affected by sepsis: liver, heart, and kidney. 
(D) Pro- and antiinflammatory cytokine levels in anti–miR-93-5p–treated 
mice relative to levels in mice treated with scrambled miRNA. Data are 
presented as the mean ± SD. *P < 0.05, **P < 0.01, and ****P < 0.0001, 
by 2-tailed Student’s t test (B–D). (E) Kaplan-Meier survival analysis for 
4.5-month-old CLP-induced septic mice treated with scrambled miRNA 
(n = 6) versus CLP-induced septic mice treated with anti–miR-93-5p (n = 
6). (F) Kaplan-Meier survival analysis for 8-month-old CLP-induced sep-
tic mice treated with scrambled miRNA (n = 6) versus CLP-induced septic 
mice treated with anti–miR-93-5p (n = 7). (G) Kaplan-Meier survival 
analysis for 16-month-old CLP-induced septic mice treated with scram-
bled miRNA (n = 6) versus CLP-induced septic mice treated with anti–
miR-93-5p (n = 9). (H) Kaplan-Meier survival analysis for all CLP-induced 
septic mice treated with scrambled miRNA together (n = 18) versus all 
CLP-induced septic mice treated with anti–miR-93-5p together (n = 22).
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scrambled miRNA or anti–miR-93-5p compared with sham-op-
erated mice (P < 0.01 and P < 0.05). Additionally, we observed a 
clear tendency toward lower F4/80+MRC1+ macrophages levels 
in the anti–miR-93-5p–treated group compared with the scram-
bled control miRNA–treated group (Figure 4G). The percentage 
of F4/80+PD-L1+ macrophages was significantly higher in mice 
treated with scrambled control miRNA compared with the per-
centage in anti–miR-93-5p–treated mice or sham-operated mice 
(P < 0.01 for both). The levels of PD-L1 expression were similar 
between the control and anti–miR-93-5p groups (Figure 4H).

We also analyzed myeloid-derived suppressor cells (MDSCs), 
both granulocytic (G-MDSCs) and monocytic (M-MDSCs), and did 
not observe any significant differences between groups (Supple-
mental Figure 11, E and F). Finally, the percentage of CSF1R– neu-
trophils slightly increased during sepsis, especially in the anti–miR-
93-5p–treated group compared with the control group (P < 0.05) 
(Supplemental Figure 11G), while the percentage of CSF1R+ neu-
trophils did not change between groups (Supplemental Figure 11H).

By adjusting for multiple testing using the FDR (for lymphoid 
and myeloid cell lineages separately), we observed that anti–miR-
93-5p therapy mainly regulated 2 subsets of cells compared with 
scrambled control miRNA treatment: it increased the CD4+ Tem 
subset (FDR < 0.05) (Figure 4B), and it decreased CSF1R+PD-L1+ 
monocytes (FDR < 0.05) (Figure 4D). Anti–miR-93-5p therapy 
interfered with both the innate and adaptive immune cell–mediated  
phases of the response during sepsis: the inflammation phase was 
driven by innate immune cells, and the immunoparalysis by the 
dysfunctional T cell response (Figure 4I).

Furthermore, in this cohort of mice, we analyzed the histopa-
thology of the essential organs of CLP-induced sepsis model mice 
treated with anti–miR-93-5p or scrambled miRNA and of control 
mice 24 hours after induction of sepsis. We observed no specific 
histopathological changes between the 3 groups, indicating no 
anti–miR-93-5p–induced drug toxicity (Supplemental Figure 12).

Identification of sepsis-relevant miR-93 target genes. In order to 
directly identify miR-93 target genes in immune cells, we created 
a miR-93–KO cell line. To this end, we consulted the Cancer Cell 
Line Encyclopedia (CCLE) database and found that B and T cell–
derived cell lines most highly express miR-93. Among hematolog-
ical malignancies, high levels of miR-93 are especially reported 
in B and T cell acute lymphoblastic leukemia (B/T-ALL), acute 
and chronic myeloid leukemia (AML and CML), and diffuse large 
B cell lymphoma (DLBCL) (Supplemental Figure 13A). Next, we 
validated the expression of miR-93-5p in JURKAT (T-ALL), THP-1 
(AML), OCI-LY10 (DLBCL), and MEC-1, MEC-2, and HG3 (CLL) 
cells by reverse transcription quantitative PCR (RT-qPCR). We 
found that, by far, the highest expression of miR-93-5p was in JUR-
KAT cells (Supplemental Figure 13B) and therefore selected these 
cells to generate the KO model.

Next, we used the CRISPR/Cas9 system to create miR-93–KO 
clones from parental JURKAT T cells. As mentioned above, miR-93 
is part of a cluster that includes miR-25 and miR-106b within intron 
12 of MCM7 (Supplemental Figure 13C). To create miR-93–KO 
cells, we designed 2 sgRNAs spanning the mature sequence of 
miR-93-5p. Transfection of these sgRNAs together with the Cas9 
protein into JURKAT T cells created heterozygous and homozy-
gous deletions that were 24 bp in size (Supplemental Figure 13D). 

Consistent with CD4+ Tcm cell dynamics, we observed a sepsis- 
specific decrease in CD8+ Tcm cells (scrambled control vs. sham: 
P < 0.05; anti–miR-93-5p vs. control: P < 0.05, scrambled control 
vs. control: P < 0.01) (Supplemental Figure 10I). Furthermore, 
CD8+ Tem cells were significantly increased in the anti–miR-93-
5p–treated group compared with the control group (P < 0.05), but 
when compared with the sham-operated and scrambled control 
miRNA–treated groups, the expression appeared to be higher, 
but not statistically significant (Figure 4C). We detected no dif-
ferences in PD-1 expression on CD8+ Tcm and Tem cell subsets 
among the groups (Supplemental Figure 10, J and K), and CD8+ 
naive cells were slightly reduced in a sepsis-specific manner 
(Supplemental Figure 10L). Thus, our results suggest that anti–
miR-93-5p therapy regulated T cell dynamics and caused specific 
expansion of effector cell subsets, which may partially explain the 
prolonged survival of the anti–miR-93-5p–treated mice.

Regarding innate immune cells, the frequency of CD11b+CS-
F1R+ monocytes was constant among the groups (Supplemen-
tal Figure 11A), whereas we observed a relevant decrease in 
CSF1R+PD-L1+ monocytes in the anti–miR-93-5p–treated and 
sham-operated mice compared with the sepsis mouse model mice 
treated with scrambled control miRNA (P < 0.001 for both com-
parisons) and control mice (P < 0.01 and P < 0.05, respectively) 
(Figure 4D). Our data confirm recent reports of increased PD-L1 
expression on monocytes in sepsis (36), which was an indepen-
dent predictor of death (37). Within the whole pool of monocytes, 
the percentage of Ly6Chi inflammatory monocytes was signifi-
cantly higher in the scrambled control miRNA–treated group 
compared with the control group (scrambled control vs. control: 
P < 0.05), suggesting a sepsis-specific increase. This increase was 
alleviated by anti–miR-93-5p therapy (scrambled control vs. anti–
miR-93-5p: P <0.05) (Figure 4E). PD-L1 expression on Ly6Chi cells 
also showed a significant therapy-specific reduction (scrambled 
control vs. anti–miR-93-5p: P < 0.05) (Figure 4F). In accordance 
with earlier reports (38), we observed a sepsis-specific decrease 
in Ly6Clo monocytes (scrambled control vs. control: P < 0.001; 
scrambled control vs. sham: P < 0.05; anti–miR-93-5p vs. control: 
P < 0.05), while the PD-L1 expression on Ly6Clo monocytes was 
constant between groups (Supplemental Figure 11, B and C).

The role of macrophages in sepsis is not well established, 
although tumor-associated macrophages were reported to be 
responsible for tumor progression in mice after surviving sepsis 
(39). In our model, the percentage of circulating CD11b+F4/80+ 
macrophages was not modified by the treatment (Supplemental 
Figure 11D), but F4/80+MRC1+ macrophage percentages were 
significantly higher in mice with sepsis that were treated with 

Table 1. Multivariate Cox regression analysis of survival

Coefficient Exp (coef) Se (coef) z P
Age (mo) 0.03 1.0304600 0.03979 0.754 0.450862

Anti–miR-93 –1.44143 0.23659 0.38808 –3.714 0.000204

coef, estimated β coefficient; Exp (coef), exponential of coefficient (HR); 
Se, standard error. Likelihood ratio test = 13.89 on 2 degrees of freedom 
(df) P = 0.0009646, n = 40, number of events = 35.
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closely together; control vs. parental cells showed some distance 
from each other) (Supplemental Figure 14B). An average of 3,360 
(range: 2,834–3,993) probes were found to be significantly enriched 
in the AGO2 IP compared with the IgG IP fraction per clone, with a 
mean fold change of approximately 7 (range: 1.5–497); these genes 
represent the entire miRNA targetome in JURKAT cells. Fewer 
genes (~1,730 on average) showed enrichment in the IgG IP over the 
AGO2 IP samples at a much lower fold change (mean: 2.5; range: 
1.5–10.4), further confirming the specific pulldown of AGO2.

To select putative miR-93-5p target genes, we made 3 com-
parisons: parental versus KO (i.e., KO 1 and KO 2; 404 probes), 
control versus KO (236 probes), and parental/control versus KO 
(61 probes), together resulting in a total of 583 putative miR-93-5p  
target genes (Supplemental Table 3). In order to have a broad 
understanding of the regulatory potential of miR-93-5p, we per-
formed pathway analysis using these 583 putative miR-93-5p tar-
get genes. We observed that the top regulated pathways played 
important roles in immune modulation and included important 
regulators of the immune response (Supplemental Figure 14C).

Cross-referencing of these 583 genes with confirmed miR-
NA-mRNA interactions (miRTarBase [ref. 41] via Enrichr [ref. 
42]) showed a strong overrepresentation of confirmed inter-
actors of miR-93-5p (58 genes, 10%) and miRNAs sharing the 
same seed sequence (miR-519d-3p, miR-17-5p, miR-20b-5p, 
miR-20a-5p) (Figure 5B). To further validate the identified 
miR-93-5p target genes, we selected 43 immune system–related 
genes that were IP enriched and either predicted or validated 
targets of miR-93-5p (41, 43) for validation by RT-qPCR. At the 
RNA level, 11 genes showed a greater than 2-fold upregulation 
in the KO 1 and KO 2 clones compared with control (Figure 5C), 
including 6 previously validated targets of miR-93-5p: CD28 
(44), TGFBR2 (45–48), STAT3 (49), ZRANB1 (47), TGFB (50), 
and BTN3A1 (47). In summary, we identified the full targetome 
of miR-93 in T cells that contains immune genes that could be 
involved in the therapeutic effect of anti–miR-93 therapy.

Next, we explored the upstream mechanism that controls 
the dysregulated expression of miR-93-5p in sepsis. We used the 
TransmiR, version 2.0, database and retrieved only the potential 
transcription factors (TFs) with the highest level of evidence (level 
2) for which the ChIP-Seq data were derived from human blood. 
This double inquiry led to the discovery of 36 potential TFs (Sup-
plemental Table 4). Among these was also STAT1, a TF well known 
to play a regulatory role in sepsis (51). Hence, we hypothesized 
that STAT1 could be a regulator of miR-93-5p in sepsis. We stably 
knocked down (KD) STAT1 in WT JURKAT cells using an shRNA. 
We confirmed the KD at protein (Figure 5D) and mRNA levels 
(Figure 5E) and checked the mRNA levels of a known downstream 
molecule of STAT1, IL4R (https://www.genecards.org/cgi-bin/
carddisp.pl?gene=IL4R). As expected, the mRNA levels of IL4R 
dropped after STAT1 inhibition (Figure 5F). For MCM7, the host 
gene of miR-93-5p, we did not see any difference between shCon-
trol and STAT1-KD clones (Supplemental Figure 15A). With regard 
to miR-93-5p and the other 2 miRNAs in the cluster, we observed a 
significant drop in both shSTAT1 clones compared with the shCon-
trol (Figure 5G and Supplemental Figure 15, B and C). Finally, we 
analyzed the RNA-Seq data from WBCs of the 2 baboon models. In 
both the S. aureus and E. coli baboon models after the induction of 

Two homozygous miR-93–KO clones (KO 1 and KO 2) as well as a 
CRISPR-treated, but unaffected, miR-93+/+ control clone (control) 
were selected for further analysis. Sanger sequencing confirmed 
the respective 24 bp deletion encompassing the miR-93-5p mature 
sequence in each miR-93–KO clone (Supplemental Figure 13E). 
The expression of miR-93-5p was completely abolished in KO 1 and 
KO 2 cells compared with parental and control cells, while the levels 
of neighboring miR-25-3p and miR-106b-5p (Supplemental Figure 
13F) and the level of the protein encoded by the host gene MCM7 
(Supplemental Figure 13G) remained unaffected. The growth rate 
of KO clones was slightly slower (doubling time of 27.7 ± 4.3 hours 
in KO 1 and 28.3 ± 5.3 hours in KO 2) than that of parental cells (23.2 
± 2.7 hours) and control cells (25.3 ± 3.3 hours) (Supplemental Fig-
ure 13H). miR-93-5p KO did not cause noticeable changes in cell 
morphology (Supplemental Figure 13I).

Using this JURKAT miR-93–KO model, we applied the AGO2 
ribonucleoprotein IP followed by microarray analysis (AGO2 RIP 
ChIP) (40) to identify miR-93-5p target mRNAs. This methodology  
uses beads coupled to either an anti-AGO2 antibody or an IgG 
control to pull down the RNA-induced silencing complex (RISC) 
together with any miRNA-interacting mRNAs. To define target 
genes of miR-93-5p, we assessed mRNA transcripts enriched in 
the AGO2 IP fraction of JURKAT parental or control cells (where 
miR-93-5p is present) but not in the 2 KO clones (where miR-93-5p  
is absent) by microarray (Figure 5A). The specific enrichment of 
AGO2 protein in the IP fractions of anti–AGO2 antibody–mediat-
ed, but not control anti–IgG antibody–mediated, RIP was validat-
ed by Western blotting (Supplemental Figure 14A). PCA showed 
separate clustering of input and IP samples in the first dimension, 
separation of anti-AGO2 and control IgG–mediated IP in the sec-
ond dimension, and separation of KO 1/KO 2 clones from controls 
and parental cells in the third dimension (KO clones clustered very 

Figure 4. Effect of anti–miR-93-5p therapy on the lymphoid and myeloid 
lineages. (A) Flow cytometric characterization of circulating lymphoid 
and myeloid cells in 4 different mouse groups: control (no intervention), 
sham-operated, CLP-induced sepsis with scrambled miRNA treatment, 
and CLP-induced sepsis with anti–miR-93-5p treatment. Treatment was 
administrated 24 hours before and 2 hours after sepsis induction. Mice were 
sacrificed 24 hours after surgery (sham) or CLP-induced sepsis. Control mice 
were sacrificed together with mice in the other 3 groups. (B) Percentage of 
CD4+CD44+CD62Llo/neg Tem cells (CD4+ Tem) in control mice, sham-operated 
mice, CLP-induced septic mice treated with scrambled miRNA, and CLP- 
induced septic mice treated with anti–miR-93-5p mice. (C) Percentage of 
CD8+ Tem cells (CD8+ Tem) in all 4 groups. (D) Percentage of CSF1R+PD-L1+ 
cells in the entire pool of CD11b+CSF1R+ monocytes in control mice, sham- 
operated mice, CLP-induced septic mice treated with scrambled miRNA, 
and CLP-induced septic mice treated with anti–miR-93-5p. (E) Percent-
age of LyChi cells in the entire pool of CD11b+CSF1R+ monocytes and of (F) 
LyChiPD-L1+ monocytes in control mice, sham-operated mice, CLP-induced 
septic mice treated with scrambled miRNA, and CLP-induced septic mice 
treated with anti–miR-93-5p. (G) Percentage of F4/80+MRC1+ macrophages 
and of (H) F4/80+PD-L1+ macrophages in all 4 experimental mouse groups. 
(I) Schematic representation of the effect of anti–miR-93-5p therapy on 
hematopoiesis during sepsis. Blue rectangles mark the cell subtypes that 
were significantly differentially expressed in the anti–miR-93-5p–treated 
group versus the scrambled miRNA–treated group after adjustment for 
multiple testing using the FDR. Data are presented as the mean ± SD. *P 
< 0.05, **P < 0.01, and ***P < 0.001, by 2-tailed Student’s t test (B–H). P 
values that are significant after adjustment for multiple testing using the 
FDR are highlighted in blue.
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lymphoid lineage. Of the 465 (80%) genes that could be assigned 
to an orthologous gene in baboons, 245 were downregulated (215 in 
E. coli, 193 in S. aureus, and 163 in both models) (Figure 6A). Cross- 
referencing with predicted (n = 10,016) and validated (n = 909) tar-
gets of miR-93-5p (43) identified 190 (77.5%) and 24 (9.8%) genes, 
respectively. This again included the major T cell signaling molecule 
CD28, which showed a highly significant reduction in both the S. 
aureus (Q = 0.0032) and E. coli (Q = 0.000042) models (Figure 6B). 
In addition, CD160 a predicted target of miR-93-5p, also showed sig-
nificant downregulation in both models (S. aureus, Q = 0.00057; E. 
coli, Q = 0.00013) (Figure 6B). Pathway analysis of the 190 predicted 
miR-93-5p targets revealed enrichment of key T cell signaling and 
polarization pathways (Figure 6C).

Analysis of the mRNA sequences using miRmap (53) revealed 7 
possible miR-93-5p interaction sites within the 3′-UTR of CD28, one 
of which was previously validated by crosslinking immunoprecipita-
tion (CLIP), coupled with high throughput sequencing (HITS-CLIP) 
in HeLa cells (MIRT684931) (44), while the 3′-UTR of CD160 has 
3 predicted binding sites. Furthermore, we observed that in both 
baboon sepsis models, 3 other miR-93-5p targets, ZAP70, MAP3K3, 
and MAP4K2, were downregulated after induction of sepsis (Figure 
6B). We also detected 6 miR-93-5p targets that were downregulated 
only in the E. coli sepsis model: STAT3, CDK9, TANK, BAX, CD4, and 
CXCR4 (Supplemental Figure 17A), and 3 others in the S. aureus sep-
sis model: PDGFA, SOS1, and IL16 (Supplemental Figure 17B). We 
performed an additional statistical analysis, adjusting for the subject 
effects using the linear mixed-effects model (LMM). This analysis 
pointed out the central role played by CD28, which was the only  
miR-93-5p target downregulated after induction of sepsis in both 
models in this analysis: S. aureus (P < 0.05) and E. coli (P < 0.01) (Fig-
ure 6B). Furthermore, we observed downregulation of ZAP70 and 
SOS1 in the E. coli model (P < 0.05) and of PDGFA in the S. aureus 
model (P < 0.0001) (Supplemental Figure 17, A and B).

These data together show the widespread effect of miR-93-5p 
upregulation in sepsis and that the identified target genes are con-
served targets of miR-93-5p between humans and baboons that 
contribute to the therapeutic effects of anti–miR-93 inhibition.

Discussion
Sepsis is a deadly disease with a dismal outcome (13), and there is 
currently no FDA-approved therapy based on the molecular mech-
anisms (11). Therefore, we hypothesized over a decade ago that a 
new type of transcripts, the short noncoding RNAs named miRNAs, 
are essential for sepsis pathogenesis and discovered the first cellu-
lar miRNA (20), as well as the first viral miRNAs (22) involved in 
sepsis in humans. From the present stage of knowledge, we took on 
the task of starting the development of miRNA-based sepsis thera-
peutics. Sepsis is characterized by a complex host immune response 
consisting of both a disproportionate proinflammatory response 
and immune suppression. Despite this discovery, no therapy aimed 
at modifying the dysregulated host immune response is currently  
approved (54). The dysregulated immune response is variable 
between individuals and is one of the reasons why multiple clinical 
trials have failed for this disease (10). Sepsis is far more common 
in older patients with comorbidities, and the disease in this group 
of patients is characterized by immunosuppression (11). We present 
compelling data supporting the concept that miR-93-5p is involved 

sepsis, we observed an upregulation of STAT1, similar to the upreg-
ulation observed for miR-93-5p (Supplemental Figure 15, D and E).

Next, we checked if the miR-93-5p targetome detected using 
JURKAT cells was specific for T cells or could also explain the 
phenotypical changes in monocytes and macrophages that we 
observed in vivo. For this purpose, we screened 2 cell lines of the 
myeloid lineage, NB4 and THP-1, and observed that miR-93-5p 
expression was slightly higher in NB4 (acute promyelocytic leuke-
mia, APL, or AML FAB M3) cells (Supplemental Figure 16A). Thus, 
we used this cell line to create a second miR-93–KO model using 
the CRISPR/Cas9 method. Out of the multiple clones with homo-
zygous deletions of 24 bp size (Supplemental Figure 16B), we fur-
ther analyzed 2 homozygous miR-93–KO clones  (KO 1 and KO 2) as 
well as a CRISPR-treated, but unaffected, miR-93+/+ control clone 
(control) (Supplemental Figure 16C). As expected, the expres-
sion level of miR-93-5p in the KO clones was below the detection 
threshold, while miR-25-3p and miR-106b-5p were slightly over-
expressed compared with expression levels in parental and control 
cells (Supplemental Figure 16D). Additionally, we did not observe 
any changes in MCM7 protein expression between the different 
clones (Supplemental Figure 16E). Next, we performed RT-qPCR 
for immune system–related genes that were IP enriched and ana-
lyzed in JURKAT cells. Several of these genes were not expressed 
in NB4, being highly specific for lymphocytes, including the top 
upregulated ones: CD28 and IFNG. Using the same thresholds, we 
detected 2 other genes, CD83 and TRAF6, which were not upregu-
lated in JURKAT cells (Supplemental Figure 16F).

Hence, miR-93-5p had different targets in cells derived from the 
lymphoid and myeloid cell lineages, and the upregulation of these 
targetomes seemed to play important roles in immune modulation.

miR-93-5p target genes respond to sepsis in baboons. To fur-
ther solidify our approach to identifying sepsis-relevant targets of 
miR-93-5p, we used the phylogenetic conservation of miRNA target-
ing (52). As miR-93-5p expression was upregulated in baboons upon 
sepsis induction (Supplemental Figure 3, A and B), we next examined 
how many of the AGO2 IP–identified 583 putative miR-93-5p targets 
also showed lowered expression levels in the sepsis baboon models 
by genome-wide gene expression. Of note, because the RNA was 
extracted from WBCs, these data mainly reflect the changes of the 

Figure 5. Identification of miR-93-5p target genes in sepsis and miR-93-5p 
upstream regulation. (A) Schematic of the AGO2 IP method. Beads coupled 
to anti-AGO2 antibody or control (IgG) antibody are used to pull down the 
RISC complex including bound miRNA/mRNA interactors in the presence 
or absence of miR-93 expression. Putative miR-93 targets (n = 579) were 
defined as being enriched in the AGO2 IP of parental or control cells but not 
miR-93–KO cells. (B) Pathway analysis on 570 putative miR-93 target genes 
showed strong enrichment for previously known mRNA targets (miRTar-
Base) of miR-93 or other miR-17 family members that share the same 
seed sequence. The top 9 most enriched are shown. (C) Forty-three genes 
with immune functions that were identified in the AGO2 IP and validated 
(purple) or predicted (black) targets of miR-93-5p were assessed in JURKAT 
miR-93–KO cells compared with control by RT-qPCR. Bars indicate the 
mean fold change (FC) in gene expression in the KO 1 and KO 2 samples 
relative to control (control = 1). (D) STAT1 protein expression measured by 
Western blotting in cell lysates of JURKAT shControl, JURKAT shSTAT1_A, 
and shSTAT1_B cells. (E) STAT1 mRNA expression, (F) IL4 mRNA expression, 
and (G) miR-93-5p measured by RT-qPCR in JURKAT shControl, and JURKAT 
shSTAT1_A, and shSTAT1_B cells.
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sham and play a protective role against renal tissue damage during 
sepsis (61). The percentage of circulating Ly6Chi monocytes was 
higher in the scrambled miRNA–treated group compared with the 
sham-operated and anti–miR-93-5p–treated groups, suggesting that 
anti–miR-93-5p could improve monocyte recruitment to peripheral 
tissues. Macrophages in sepsis are often excessively produced and 
activated and are an important source of cytokines, which are asso-
ciated with high mortality in sepsis (62). Anti–miR-93-5p decreased 
the frequency of F4/80+ MRC1+ macrophages, which could be ben-
eficial. Upregulation of PD-L1 on immune cells is a known feature 
of sepsis and is one of the mechanisms that induce immunosuppres-
sion. Even after using additional statistical analysis, we were able 
to observe a decrease in PD-L1 expression on CSF1R+ monocytes 
in the treated sepsis group. PD-L1 has been proposed as a potential 
innovative therapeutic target in sepsis (63); hence, our results reveal 
a potentially new miRNA-based strategy to target it.

Finally, we analyzed the mechanism through which downreg-
ulation of miR-93-5p prolongs survival in sepsis. By using a human 
CRISPR-engineered T cell model, we observed that high levels of 
miR-93-5p downregulated multiple important T cell signaling mol-
ecules. The baboon sepsis models pointed out the membrane mole-
cule CD28 in particular. CD28 was previously reported as a target of 
miR-93-5p in fibroblasts (44). Recent studies have shown that CD28 
agonism can prolong the survival of CLP-induced immunologically 
experienced sepsis mice via IL-10 released by T cells (64). Our results 
are in line with this observation, and we may speculate that the older 
mice might have been exposed to prior infections similar to those in 
immunologically experienced mice, but this hypothesis needs future 
confirmation. Our analysis, even after adjustment for the subject 
effects in the baboon sepsis models, revealed as well that an intracel-
lular signaling molecule, ZAP70, was downregulated after induction 
of sepsis, especially in the E. coli model. ZAP70 is a tyrosine kinase 
relaying the initial step in signal transduction upon T cell receptor 
(TCR) stimulation and is thus central to T cell activation. According-
ly, high levels of ZAP70 were inversely correlated with organ failure 
(SOFA) scores and mortality in patients with sepsis (65). Further-
more, we showed that STAT1 is probably an upstream inducer of 
miR-93-5p. STAT1-deficient mice are resistant to CLP-induced sep-
tic shock (51), and it is tempting to speculate that this effect is partial-
ly mediated by the lack of miR-93-5p induction in the immune cells 
of these mice. These data, taken together, revealed a direct negative 
regulation of major T cell signaling molecules by miR-93-5p that is 
in line with the expansion of effector T cells observed in mice upon 
anti–miR-93-5p treatment. Hence, high miR-93-5p levels in sepsis 
simultaneously suppress multiple avenues of T cell activation, main-
ly that of CD4+ T cells, inducing a state of anergy that is reversible 
by miR-93-5p inhibition. We also performed CRISPR KO in cells of 
the myeloid lineage. We observed that the targetome of miR-93-5p 
differed between the myeloid and lymphoid cell lineages, revealing 
new targets in the NB4 cell line: CD83 and TRAF6. CD83 is pre-
formed in macrophages and monocytes and is presented on the cell 
surface upon stimulation with LPS (66), playing important roles in 
maintaining the balance between inflammation and immune toler-
ance (67). TRAF6 is a downstream molecule of TLR4 signaling and 
a signal transducer of the NF-κB pathway. In sepsis models, it was 
shown that impaired autoubiquitination of TRAF6 in macrophages 
leads to an immune-deficient phenotype (68).

in the molecular pathophysiology of sepsis and could be targeted to 
improve survival, potentially more so for elderly patients with sepsis 
than for younger patients.

First, by using multiple mouse models and human samples, 
we selected miR-93-5p as a potential target for sepsis therapy. We 
noticed that miR-93-5p was upregulated in PBMCs of patients with 
sepsis and in plasma from a CLP-induced sepsis mouse model. We 
observed that injecting miR-K12-12*, a viral miRNA that we showed 
to be involved in the pathophysiology of sepsis by binding TLR8 
(22), induced the upregulation of miR-93-5p. We also checked the 
expression of miR-93 in different immune cells and observed that 
miR-93 was expressed across all different cell types, supporting the 
idea that it may play a role in immune cell regulation.

Second, miR-93-5p expression was upregulated in both Gram+ 
and Gram– baboon sepsis models, supporting the idea that its dys-
regulation in sepsis is not dependent on the type of causal bacteria.

Third, we noticed that sepsis survival for patients with cancer 
was associated with a drop in miR-93-5p expression in whole blood 
at day 7 after the diagnosis of sepsis. Additionally, we showed that 
plasma levels of miR-93-5p correlated with important clinical sepsis 
parameters like the SOPED score and the ALC. Further studies will 
be necessary to examine whether this phenomenon is specific for 
cancer patients with sepsis or for a broader population of patients 
with comorbidities. The literature regarding miR-93-5p expression 
in patients with sepsis is scarce. Recently, Möhnle et al. reported that 
miR-93-5p was upregulated in T cells of patients with sepsis but did 
not correlate with T cell immunoparalysis (55). Yang et al. showed 
that miR-93-5p levels were downregulated in the serum of sepsis 
patients and played a role in sepsis-induced acute kidney injury 
(56). Moreover, miR-93-5p is an oncogenic miRNA that is upregu-
lated in the serum of patients with cancer (57). Similar to other sep-
sis biomarker studies (58), the different results among these reports 
can be explained by the different comorbidities of the patients with 
sepsis, the origin of samples, and the time points of sampling.

Fourth, prophylactic and therapeutic treatment of older mice 
with anti–miR-93-5p led to a significant improvement in overall sur-
vival compared with scrambled miRNA–treated control mice. The 
effects are still significant but at lesser values in the younger treated 
mice compared with the scrambled miRNA–treated controls. Thus, 
the older the mice, the larger the difference in median survival 
induced by anti–miR-93-5p therapy. Because it is known that the 
response of immune cells is age dependent (59), we hypothesized 
that anti–miR-93-5p could affect the cellular immune response.

Fifth, we report for the first time to our knowledge the differ-
ences in the peripheral immune response of mice treated with 
anti–miR-93-5p compared with scrambled control miRNA–treated 
mice. The peripheral immune response of anti–miR-93-5p–treated 
mice compared with scrambled control–treated mice was charac-
terized by: (a) increased frequencies of CD4+ and CD8+ Tem cells, 
(b) decreased percentages of Ly6Chi monocytes and F4/80+ MRC1+ 
macrophages, and (c) downregulation of PD-L1 on CSF1R+ mono-
cytes, Ly6Chi inflammatory monocytes, and F4/80+ macrophages. 
Sepsis is associated with apoptosis of Tem cells in both the periph-
ery and lymphoid organs, inducing immunoparalysis (60), and 
anti–miR-93-5p therapy appeared to block this phenomenon in the 
periphery and especially for the CD4+ Tem subtype of lymphocytes. 
Ly6Chi monocyte levels are usually lower in sepsis compared with 
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therapy discussed here may have greater efficiency in older patients 
with preexisting comorbidities (cancer), but future sepsis research 
needs to be directed toward specific subgroups of patients. Final-
ly, we did not perform any studies regarding the diagnostic value of 
miR-93-5p, which is also known to be dysregulated in several cancer 
types (48, 57). Plasma miR-93-5p may be responsible for part of the 
multiple pathogenic mechanisms that generate different clinical phe-
notypes of sepsis. Nevertheless, measurement of plasma miR-93-5p  

Furthermore, we acknowledge several limitations of this study. 
First, we did not perform any long-term toxicity studies regarding 
side effects that could be induced by anti–miR-93-5p therapy. Second, 
some of the screening data and in vivo data come from small patient 
cohorts and a small number of animals. We tried to overcome this 
limitation by confirming the initial results in multiple animal models 
and patient cohorts. Third, the exact pharmacological proprieties of 
anti–miR-93 therapy need to be further elucidated. Fourth, the sepsis 

Figure 6. Confirmation of dysregulated miR-93-5p target genes in 2 baboon sepsis models. (A) The 579 putative miR-93 target genes were overlapped with 
genes that showed an opposite expression (i.e., downregulation) with miR-93 levels in the 2 baboon models (gray and yellow circles). Of the 465 genes that could 
be assigned to a baboon ortholog (of 579 IP enriched genes; 80%), 215 and 193 were downregulated upon injection with E. coli and S. aureus, respectively. In addi-
tion, this set of genes was overlapped with predicted and validated targets of mir-93-5p as extracted from miRWalk and miRTarBase (red circle). (B) Downregula-
tion of CD28, CD160, ZAP70, MAP3K3, and MAP4K2 upon sepsis induction in the S. aureus– and E. coli–mediated baboon models. **Q < 0.01, ***Q < 0.001, and 
****Q < 0.0001, by moderate t test. Results were also adjusted to the subject effects using the LMM; significant P values after adjustment are highlighted in blue. 
(C) Pathway analysis of the 190 genes that were IP enriched, downregulated in either E. coli– or S. aureus–induced sepsis, or both in baboons and predicted targets 
of miR-93-5p. BioPlanet 2019 pathways with a P value of less than 0.01 are shown. CD28 and STAT3 are validated targets of miR-93-5p. fact., factor; interact., 
interaction; sign., signaling; transd., transduction; rec., receptor; path., pathway; Transp., transport; subseq., subsequent; mod., modification; inflam., inflamma-
tory; Select., selective; exp., expression; rec., receptors; polar., polarization; initiat., initiation; activ., activation; surf., surface; mol., molecular; apopt., apoptosis.
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can be a companion diagnostic for selecting sepsis patients who 
would be likely to benefit from anti–miR-93-5p therapy.

In conclusion, this study presents miR-93-5p as a potential 
new therapeutic target for sepsis. By blocking miR-93-5p in sep-
sis, the peripheral immune response is partially restored, and 
overall survival is prolonged, especially in elderly organisms. Our 
data reveal that PD-L1, another therapeutic target being investi-
gated in sepsis, was overexpressed on macrophages and mono-
cytes. Hence, combining anti–miR-93-5p and anti–PD-L1 thera-
pies could represent another future direction to explore, aiming 
to maximize the survival rate in sepsis.

Methods
A detailed description of the materials and methods used in this 

study is provided in Supplemental Methods (see the full uncut gels 
used to generate the results at the end of Supplemental Methods).

Study approval. All mouse experiments were approved and super-
vised by the IACUC of MDACC under the protocol “Role of ncRNAs 
in Sepsis” (00001483-RN02). The animals were cared for according 
to the guidelines of the American Association for Accreditation of 
Laboratory Animal Care (AAALAC) and the US Public Health Service 
Policy on Humane Care and Use of Laboratory Animals.

Baboon (Papio ursinus) samples were collected from historical 
sepsis experiments of previous studies performed in 2016 at the 
Animal Research Center, Faculty of Health Sciences, University of 
the Free State, Bloemfontein, South Africa. The experiments were 
performed in compliance with the NIH Office of Laboratory Ani-
mal Welfare (OLAW), the Animal Welfare Act, and the Guide for the 
Care and Use of Laboratory Animals, 8th edition (National Academies 
Press, 2011) and were approved by the Interfaculty Animal Ethics 
Committee of the University of the Free State, Bloemfontein, South 
Africa (UFS-AED 2016/0007). Reuse of samples from previous 
experiments is consistent with the principles of the 3R framework 
for performing humane animal research that is key to nonhuman 
primate experimentation.

The observational studies of cancer patients with sepsis (cohort 
1 and cohort 2) were conducted at the Emergency Department of 
MDACC under approved clinical research protocols (PA13-0666 for 
cohort 1 and 2018-0757 for cohort 2). The protocols were approved by 
the IRB of MDACC, and the studies were conducted in compliance 
with US federal regulations, the Health Insurance Portability and 
Accountability Act of 1996 (HIPAA), and the Declaration of Helsinki. 
A signed informed consent was obtained from each participant.

Data availability. The data that support the findings of this study 
are available within the article and its Supplemental Tables and Fig-
ures. Baboon RNA-Seq data can be found in the NCBI’s Gene Expres-
sion Omnibus (GEO) database (GEO GSE221652); mRNA microarray 
analysis data for JURKAT parental, control, and miR-93 KO 1 and KO 
2 cells can be found in the NCBI’s GEO database (GEO GSE223458); 
and miRNA microarray data for PBMCs from patients with sepsis and 
control individuals were previously deposited in the public repository 
ArrayExpress (accession E-TABM-713).

Author contributions
MPD, EFM, MW, and GAC designed research. MPD, EFM, MW, KO, 
R Bayraktar, YL, SA, HZ, AQ, IK, MS, LP, AMT, SM, AT, MK, MWA, 
SJR, RS, RSK, CRA, PPB, R Basar, and MTSB performed research. 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 7J Clin Invest. 2023;133(14):e158348  https://doi.org/10.1172/JCI158348

 1. Singer M, et al. The third international consensus 
definitions for sepsis and septic shock (Sepsis-3). 
JAMA. 2016;315(8):801–810.

 2. Rudd KE, et al. Global, regional, and national 
sepsis incidence and mortality, 1990-2017: 
analysis for the Global Burden of Disease Study. 
Lancet. 2020;395(10219):200–211.

 3. Rhee C, et al. Incidence and trends of sepsis in 
US hospitals using clinical vs claims data, 2009-
2014. JAMA. 2017;318(13):1241–1249.

 4. Liu V, et al. Hospital deaths in patients with 
sepsis from 2 independent cohorts. JAMA. 
2014;312(1):90–92.

 5. Gaieski DF, et al. Benchmarking the incidence 
and mortality of severe sepsis in the United 
States. Crit Care Med. 2013;41(5):1167–1174.

 6. Martin GS, et al. The effect of age on the develop-
ment and outcome of adult sepsis. Crit Care Med. 
2006;34(1):15–21.

 7. Rhee C, et al. Prevalence, underlying causes, 
and preventability of sepsis-associated mortality 
in US acute care hospitals. JAMA Netw Open. 
2019;2(2):e187571.

 8. Hotchkiss RS, et al. Immunosuppression in sep-
sis: a novel understanding of the disorder and 
a new therapeutic approach. Lancet Infect Dis. 
2013;13(3):260–268.

 9. Starr ME, Saito H. Sepsis in old age: review 
of human and animal studies. Aging Dis. 
2014;5(2):126–136.

 10. Seymour CW, et al. Derivation, validation, 
and potential treatment implications of 
novel clinical phenotypes for sepsis. JAMA. 
2019;321(20):2003–2017.

 11. Gotts JE, Matthay MA. Sepsis: pathophysiology 
and clinical management. BMJ. 2016;353:i1585.

 12. Fink MP. Animal models of sepsis. Virulence. 
2014;5(1):143–153.

 13. Wiersinga WJ, van der Poll T. Immunopatho-
physiology of human sepsis. EBioMedicine. 
2022;86:104363.

 14. Hotchkiss RS, et al. Sepsis-induced immunosup-
pression: from cellular dysfunctions to immuno-
therapy. Nat Rev Immunol. 2013;13(12):862–874.

 15. Yende S, et al. Long-term host immune response 
trajectories among hospitalized patients with 
sepsis. JAMA Netw Open. 2019;2(8):e198686.

 16. Boomer JS, et al. A prospective analysis of lym-
phocyte phenotype and function over the course 
of acute sepsis. Crit Care. 2012;16(3):R112.

 17. Boomer JS, et al. Immunosuppression in patients 
who die of sepsis and multiple organ failure. 
JAMA. 2011;306(23):2594–2605.

 18. Kasten KR, et al. Neutrophils are significant pro-
ducers of IL-10 during sepsis. Biochem Biophys 
Res Commun. 2010;393(1):28–31.

 19. Dragomir MP, et al. SnapShot: unconventional 
miRNA functions. Cell. 2018;174(4):1038–1038.

 20. Vasilescu C, et al. MicroRNA fingerprints 
identify miR-150 as a plasma prognostic 
marker in patients with sepsis. PLoS One. 
2009;4(10):e7405.

 21. Benz F, et al. Circulating MicroRNAs as biomark-
ers for sepsis. Int J Mol Sci. 2016;17(1):78.

 22. Tudor S, et al. Cellular and Kaposi’s sarcoma-as-
sociated herpes virus microRNAs in sepsis and 
surgical trauma. Cell Death Dis. 2014;5(12):e1559.

 23. Fuentes-Mattei E, et al. Plasma viral miRNAs 

indicate a high prevalence of occult viral infec-
tions. EBioMedicine. 2017;20:182–192.

 24. Vasilescu C, et al. Circulating miRNAs in sepsis-A 
network under attack: An in-silico prediction of 
the potential existence of miRNA sponges in sep-
sis. PLoS One. 2017;12(8):e0183334.

 25. Dragomir MP, et al. The non-coding 
RNome after splenectomy. J Cell Mol Med. 
2019;23(11):7844–7858.

 26. Dragomir M, et al. Patients after splenectomy: 
old risks and new perspectives. Chirurgia (Bucur). 
2016;111(5):393–399.

 27. Hong DS, et al. Phase 1 study of MRX34, 
a liposomal miR-34a mimic, in patients 
with advanced solid tumours. Br J Cancer. 
2020;122(11):1630–1637.

 28. Rittirsch D, et al. Immunodesign of experimental 
sepsis by cecal ligation and puncture. Nat Protoc. 
2009;4(1):31–36.

 29. Leidinger P, et al. The human miRNA repertoire 
of different blood compounds. BMC Genomics. 
2014;15(1):474.

 30. Keshari RS, et al. Inhibition of complement 
C5 protects against organ failure and reduc-
es mortality in a baboon model of Esche-
richia coli sepsis. Proc Natl Acad Sci U S A. 
2017;114(31):E6390–E6399.

 31. Silasi R, et al. Inhibition of contact-mediated 
activation of factor XI protects baboons against S 
aureus-induced organ damage and death. Blood 
Adv. 2019;3(4):658–669.

 32. Hiong A, et al. Sepsis following cancer surgery: 
the need for early recognition and standardised 
clinical care. Expert Rev Anti Infect Ther. 
2016;14(4):425–433.

 33. Yang Z, et al. Cardiac troponin is a predictor of 
septic shock mortality in cancer patients in an 
emergency department: a retrospective cohort 
study. PLoS One. 2016;11(4):e0153492.

 34. Venet F, et al. Early assessment of leukocyte 
alterations at diagnosis of septic shock. Shock. 
2010;34(4):358–363.

 35. Sharma A, et al. Differential alterations of tis-
sue T-cell subsets after sepsis. Immunol Lett. 
2015;168(1):41–50.

 36. Gossez M, et al. Proof of concept study of mass 
cytometry in septic shock patients reveals novel 
immune alterations. Sci Rep. 2018;8(1):17296.

 37. Shao R, et al. Monocyte programmed death 
ligand-1 expression after 3-4 days of sepsis is 
associated with risk stratification and mortality 
in septic patients: a prospective cohort study. Crit 
Care. 2016;20(1):124.

 38. Janicova A, et al. Endogenous uteroglobin as 
intrinsic anti-inflammatory signal modulates 
monocyte and macrophage subsets distribution 
upon sepsis induced lung injury. Front Immunol. 
2019;10:2276.

 39. Mota JM, et al. Post-sepsis state induces 
tumor-associated macrophage accumulation 
through CXCR4/CXCL12 and favors tumor 
progression in mice. Cancer Immunol Res. 
2016;4(4):312–322.

 40. Tan LP, et al. A high throughput experimental 
approach to identify miRNA targets in human 
cells. Nucleic Acids Res. 2009;37(20):e137.

 41. Huang HY, et al. miRTarBase 2020: updates to 
the experimentally validated microRNA-tar-

get interaction database. Nucleic Acids Res. 
2020;48(d1):D148–D154.

 42. Xie Z, et al. Gene set knowledge discovery with 
enrichr. Curr Protoc. 2021;1(3):e90.

 43. Sticht C, et al. miRWalk: An online resource for 
prediction of microRNA binding sites. PLoS One. 
2018;13(10):e0206239.

 44. Xue Y, et al. Direct conversion of fibroblasts 
to neurons by reprogramming PTB-regulated 
microRNA circuits. Cell. 2013;152(1-2):82–96.

 45. Hafner M, et al. Transcriptome-wide identifica-
tion of RNA-binding protein and microRNA tar-
get sites by PAR-CLIP. Cell. 2010;141(1):129–141.

 46. Kishore S, et al. A quantitative analysis of 
CLIP methods for identifying binding sites 
of RNA-binding proteins. Nat Methods. 
2011;8(7):559–564.

 47. Riley KJ, et al. EBV and human microRNAs 
co-target oncogenic and apoptotic viral 
and human genes during latency. EMBO J. 
2012;31(9):2207–2221.

 48. Lyu X, et al. TGFβR2 is a major target of miR-93 
in nasopharyngeal carcinoma aggressiveness. 
Mol Cancer. 2014;13:51.

 49. Foshay KM, Gallicano GI. miR-17 family miRNAs 
are expressed during early mammalian develop-
ment and regulate stem cell differentiation. Dev 
Biol. 2009;326(2):431–443.

 50. Li G, et al. Genome-wide analyses of radioresis-
tance-associated miRNA expression profile in 
nasopharyngeal carcinoma using next generation 
deep sequencing. PLoS One. 2013;8(12):e84486.

 51. Herzig D, et al. STAT1-deficient mice are resis-
tant to cecal ligation and puncture-induced sep-
tic shock. Shock. 2012;38(4):395–402.

 52. Pasquinelli AE. MicroRNAs and their targets: rec-
ognition, regulation and an emerging reciprocal 
relationship. Nat Rev Genet. 2012;13(4):271–282.

 53. Vejnar CE, Zdobnov EM. MiRmap: comprehen-
sive prediction of microRNA target repression 
strength. Nucleic Acids Res. 2012;40(22):11673–
11683.

 54. Vincent JL. Current sepsis therapeutics. EBioMed-
icine. 2022;86:104318.

 55. Mohnle P, et al. MicroRNAs 143 and 150 in whole 
blood enable detection of T-cell immunoparaly-
sis in sepsis. Mol Med. 2018;24(1):54.

 56. Yang J, et al. Long non-coding RNA NEAT1 
promotes lipopolysaccharide-induced injury 
in human tubule epithelial cells by regulating 
miR-93-5p/TXNIP axis. Med Microbiol Immunol. 
2021;210(2-3):121–132.

 57. Ashrafizadeh M, et al. Flaming the fight against 
cancer cells: the role of microRNA-93. Cancer 
Cell Int. 2020;20:277.

 58. Povoa P, et al. How to use biomarkers of infection 
or sepsis at the bedside: guide to clinicians. Inten-
sive Care Med. 2023;49(2):142–153.

 59. Sadighi Akha AA. Aging and the immune system: 
an overview. J Immunol Methods. 2018;463:21–26.

 60. Danahy DB, et al. Polymicrobial sepsis impairs 
bystander recruitment of effector cells to infect-
ed skin despite optimal sensing and alarming 
function of skin resident memory CD8 T cells. 
PLoS Pathog. 2017;13(9):e1006569.

 61. Chousterman BG, et al. Ly6Chigh monocytes 
protect against kidney damage during sepsis via a 
CX3CR1-dependent adhesion mechanism. J Am 



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2023;133(14):e158348  https://doi.org/10.1172/JCI1583481 8

Soc Nephrol. 2016;27(3):792–803.
 62. Wang TS, Deng JC. Molecular and cellular 

aspects of sepsis-induced immunosuppression. J 
Mol Med (Berl). 2008;86(5):495–506.

 63. Deng W, et al. The circadian clock controls 
immune checkpoint pathway in sepsis. Cell Rep. 
2018;24(2):366–378.

 64. Sun Y, et al. CD28 agonism improves survival in 

immunologically experienced septic mice via 
IL-10 released by Foxp3+ regulatory T cells. J 
Immunol. 2020;205(12):3358–3371.

 65. Almansa R, et al. Transcriptomic correlates 
of organ failure extent in sepsis. J Infect. 
2015;70(5):445–456.

 66. Cao W, et al. CD83 is preformed inside mono-
cytes, macrophages and dendritic cells, but it is 

only stably expressed on activated dendritic cells. 
Biochem J. 2005;385(pt 1):85–93.

 67. Grosche L, et al. The CD83 molecule — an 
important immune checkpoint. Front Immunol. 
2020;11:721.

 68. Yang FM, et al. sNASP inhibits TLR signaling to 
regulate immune response in sepsis. J Clin Invest. 
2018;128(6):2459–2472.


	Graphical abstract

