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Abstract

The dysregulated sepsis-induced cytokine storm evoked during systemic infection consists of 

biphasic and interconnected pro- and anti-inflammatory responses. The contrasting inflammatory 

cytokine responses determine the severity of the septic event, lymphopenia, host survival, and the 

ensuing long-lasting immunoparalysis state. Natural Killer (NK) cells, due to their capacity to 

elaborate pro- (i.e., IFNγ) and anti-inflammatory (i.e., IL-10) responses, exist at the inflection of 

sepsis-induced inflammatory responses. Thus, NK cell activity could be beneficial or detrimental 

during sepsis. Here, we demonstrate that murine NK cells promote host survival during sepsis by 

limiting the scope and duration of the cytokine storm. Specifically, NK cell-derived IL-10, 

produced in response to IL-15, is relevant to clinical manifestations in septic patients and critical 

for survival during sepsis. This role of NK cells demonstrates that regulatory mechanisms of 

classical inflammatory cells are beneficial and critical for controlling systemic inflammation, a 

notion relevant for therapeutic interventions during dysregulated infection-induced inflammatory 

responses.

Introduction

Sepsis is a dysregulated systemic inflammatory response, comprised of both pro- and anti-

inflammatory cytokines, that results in significant host morbidity and mortality (1; 2). In the 

last 30 years advancements in early intervention and resuscitation strategies have reduced 
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early patient mortality, yet every 6 seconds 9 people will develop sepsis and 2 of those will 

die (3). While considerable effort has been made to develop therapeutic strategies, the result 

has dishearteningly been the failure of 100+ phase II and III clinical trials targeted at the 

pro-inflammatory component of the cytokine storm (4). However, targeting only the 

inflammatory components of sepsis belies the complexity of the septic event whose dualistic 

pro- and anti-inflammatory components exist synchronously (5; 6). Thus, it is pertinent to 

re-interrogate the relationship between pro- and anti-inflammatory cytokines produced 

during the septic event to potentially redefine our approach to developing therapeutic 

strategies for sepsis.

Immune cells are often ascribed uniform roles during sepsis related to their canonical 

cytokine production, wherein cells that conventionally produce either pro- or anti-

inflammatory cytokines are considered detrimental or beneficial, respectively, to host 

survival. For example, natural killer (NK) cells are considered to be detrimental to host 

survival during the cytokine storm due to their well-described production of the pro-

inflammatory cytokines (7–9). Contextually, NK cells are an innate lymphoid population 

that performs effector functions (i.e., cytokine production and cytotoxicity) in response to 

both direct receptor interaction and cytokine stimulation (10; 11). This classical view of NK 

cells as inflammatory effectors conforms nicely with their proposed detrimental role during 

a septic event by further exaggerating the cytokine storm. Indeed, during the septic event NK 

cells produce pro-inflammatory IFNγ in response to the other inflammatory signals 

produced during the cytokine storm (e.g., IL-15) (12–14). As a consequence, NK cells are 

generally considered to participate in a detrimental positive feedback loop that increases the 

severity of the septic cytokine storm.

This proposed positive feedback loop of NK cell activation must, in some way, be balanced 

by anti-inflammatory negative feedback, given that not all individuals who develop sepsis 

will succumb to the cytokine storm (15). Notably, NK cells can counterbalance 

inflammation through the production of IL-10 and thereby limit immune-mediated 

pathology during systemic infection (16–18). NK cells also produce IL-10 following 

stimulation with some of the same cytokines which evoke pro-inflammatory cytokine 

production (e.g., IL-15) (19; 20). Thus, because of the dualistic inflammatory states of sepsis 

and capacity of NK cells to participate in this dualism, re-evaluation of the relationship 

between NK cells, cytokine storm, and sepsis severity may provide insights for therapeutic 

advancement.

Herein, we demonstrate that NK cells promote host survival during sepsis by limiting the 

scope and duration of the cytokine storm. Our data show that while NK cells do initially 

respond to IL-15 by producing IFNγ during sepsis, they subsequently convert to being IL-10 

producers. Further, NK cells produced IL-10 during sepsis in an IL-15 dependent manner 

and this NK cell-derived IL-10 promoted host survival during sepsis. Importantly, we 

observed enhanced NK cell IL-10 production in septic patients indicating this regulatory role 

may have clinical significance for framing the interrelationship of the pro- and anti-

inflammatory phases of sepsis. The present study elucidates a previously undescribed 

regulatory mechanism of NK cells during sepsis, revealing further complexity in the 
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relationship between NK cells and the cytokine storm, that points to potential therapeutic 

avenues for minimizing the scope and duration of overactive inflammatory responses.

Materials and Methods

Ethics statement

Experimental procedures using mice were approved by University of Iowa Animal Care and 

Use Committee under ACURF protocol #6121915 and #9101915. The experiments 

performed followed Office of Laboratory Animal Welfare guidelines and PHS Policy on 

Humane Care and Use of Laboratory Animals. Cervical dislocation was used as the 

euthanasia method of all experimental mice.

Mice

Inbred C57Bl/6 (B6; Thy1.2/1.2 and Thy1.1/1.1) mice were purchased from the National 

Cancer Institute (Frederick, MD) and maintained in the animal facilities at the University of 

Iowa at the appropriate biosafety level. Il10 BAC-in transgene (IL-10bit) mice were acquired 

from Dr. Casey Weaver (21). NCR1-CreERT2 Rosa26-tdTomato mice (22) were kindly 

provided by Dr. Joseph Sun. IL-10flox/flox mice were kindly provided by Dr. Axel Roers 

(23). NCR1-CreERT2 IL-10flox/flox Rosa26-tdTomato Thy1.1/1.1 mice were generated by 

first crossing IL-10flox/flox mice with Thy1.1/1.1 mice. IL-10flox/flox Thy1.1/1.1 were then 

crossed and subsequently backcrossed with NCR1-CreERT2 Rosa26-tdTomato to generate 

NCR1-CreERT2+/− IL-10flox/flox Rosa26-tdTomato Thy1.1/1.1 and IL-10flox/flox Rosa26-

tdTomato Thy1.1/1.1 mice. Oral gavage of tamoxifen (Sigma; 200μg tamoxifen/g of body 

weight) in corn oil (Sigma) over the course of 3–5 days was sufficient to induce Cre excision 

of the loxP-flanked IL-10 exon 1 (IL-10flox) and the flanked stop codon (Rosa26-

TdTomato).

Institutional Setting and IRB Approval

Patients were recruited at the University of Iowa Hospitals and Clinics, an 811-bed academic 

tertiary care center. Blood sample acquisition, patient data collection, and analysis were 

approved by the University of Iowa Institutional Review Board (ID #201804822). Informed 

consent was obtained from patients or their legally authorized representatives.

Sepsis Patient Selection and Data Collection

Subjects 18 years of age or older meeting Sepsis-3 criteria for sepsis or septic shock (2) 

secondary to intra-abdominal infection, soft tissue infection, bloodstream infection, or 

pneumonia were enrolled. Exclusion criteria were infection requiring antibiotics in the past 

month, hospitalization for infection in the past year, and chemotherapy or radiation within 

the past year were excluded. Demographics and baseline characteristics including age, 

gender, race, APACHE II score, SOFA score, and presence of septic shock were collected. 

EDTA-treated blood samples were collected within 24 hours of presentation.

Jensen et al. Page 3

J Immunol. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Healthy Control Patient Selection and Data Collection

Healthy volunteers 25 to 80 years of age were recruited from University of Iowa faculty, 

staff, and graduate/professional students. Exclusion criteria were signs or symptoms of 

active infections, infection requiring antibiotics within the past month, infection requiring 

hospitalization in the past year, and chemotherapy or radiation in the past year. Demographic 

data including age, gender, and race were collected. EDTA-treated blood samples were 

collected at an initial visit to our research clinic.

Human Cell Isolation and cryopreservation

Human cell isolation was adjusted from the previously described methodology (24). Briefly, 

whole blood was centrifuged, and plasma removed. ACK red blood cell lysis buffer was then 

added to the cell pellet and rested for 5 min at room temperature. Cells were again 

centrifuged, and supernatant was removed. Lysis and centrifugation was repeated 1–2 

additional times. Cells were then washed with PBS 3 times before being counted and 

resuspended in cell freeze media (90%FCS [Hyclone] 10%DMSO [Fischer Scientific]). 

Cells were then stored at −80°C until use. When used in vitro, PBL were rapidly thawed and 

placed into warmed complete media. Cells were then washed 3 times with warmed media 

and aggregates filtered prior to use.

Antibody administration

NK depletion: NK cell depletion was performed as previously described (25). Briefly, 

mice were depleted of NK cells by administration of αNK1.1 depleting antibody (2 doses of 

300μg i.p. q.d.). Control mice were given the same amount of rat IgG. Where applicable the 

second dose of antibody was given immediately post-surgery, following abdominal closure.

IL-15 blockade: IL-15 blockade was performed as previously described (26; 27). Briefly, 

mice were treated with 7.5μg of αIL-15/R, a chain antibody (eBioscience) that recognizes 

both unbound, soluble IL-15 and IL-15 complexed with the IL-15 receptor alpha to inhibit 

IL-15 signaling, the day prior to surgery and then daily thereafter for 3 days.

Cell isolation

Peripheral blood was collected by submandibular cheek bleeds to obtain PBL. Single-cell 

suspensions from spleen were generated after mashing tissue through 70 μm cell strainer 

without enzymatic digestion.

Flow cytometry, peptides and cytokine detection

Flow cytometry data were acquired on a FACSCanto (BD Biosciences, San Diego, CA) and 

analyzed with FlowJo software (Tree Star, Ashland, OR). To determine expression of cell 

surface proteins, mAb were incubated at 4°C for 20–30 min and cells were fixed using 

Cytofix/Cytoperm Solution (BD Biosciences) and, in some instances, followed by 

incubation with mAb for an additional 20–30 min to detect intracellular proteins. The 

following mAb clones were used to stain murine samples: NK1.1 (PK136; eBioscience), 

CD3 (17A2; eBioscience), NKp46 (29A1.4; eBioscience), IFNγ (XMG1.2; eBioscience), 

Thy1.1 (HIS51; eBioscience), CD49b (DX5; Biolegend), CD122 (TM-b1; eBioscience), and 
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CD19 (MB19–1; eBioscience). For cytokine staining following in vitro stimulation BFA 

(BD Biosciences) was added during the last four hours of stimulation. The following mAb 

clones were used staining of patient samples: CD45 (HI30; Tonbo), CD3 (OKT3; Tonbo), 

CD19 (HIB19; Tonbo), CD56 (MY31; Tonbo), and IL-10 (JES5–2A5; Tonbo).

Cecal ligation and puncture (CLP) model of sepsis induction

Mice were anesthetized with ketamine/xylazine (University of Iowa, Office of Animal 

Resources), the abdomen was shaved and disinfected with Betadine (Purdue Products), and a 

midline incision was made (28). The distal third of the cecum was ligated with Perma-Hand 

Silk (Ethicon), punctured once (for CLP20) or twice (for CLP50) using a 25-gauge needle, 

and a small amount of fecal matter extruded out of each puncture. The cecum was then 

returned to abdomen, the peritoneum was closed with 641G Perma-Hand Silk (Ethicon), and 

skin sealed using surgical Vetbond (3M). Following surgery, 1 mL PBS was administered 

s.c. to provide post-surgery fluid resuscitation. Bupivacaine (Hospira) was administered at 

the incision site, and flunixin meglumine (Phoenix) was administered for postoperative 

analgesia. Sham mice underwent identical surgery excluding cecal ligation and puncture. 

Clinical disease was scored according to the following system: Grooming 0-normal, 1-

piloerection, 2-ruffled; Gait 0-normal, 1-ataxic, 2-none; Mobility 0-normal, 1-reduced, 2-

immobile; Body Position 0-Full extension, 1-hunched, 2-moribund.

Cytokine analysis

Multiplex cytokine analysis was performed via BioRad Bio-plex Pro Mouse Cytokine 46- 

and 23-plex as well as Procarta Plex Human 45-plex according to the manufacturer’s 

instructions for plasma cytokine analysis. Multiplex was analyzed on BioRad Bio-Plex 

(Luminex 200) analyzer in the University of Iowa Flow Cytometry core facility.

IFNγ, IL-15, and IL-10 ELISAs (ELISA MAX Deluxe Set, Biolegend) were performed 

according to the manufacturer’s instructions.

RNA sequencing and Gene Set Enrichment Analysis

The RNA-seq. gene expression data are from a previously published data set deposited at the 

NCBI GEO (accession number GSE114739 https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi).

Statistical analysis

Unless stated otherwise data were analyzed using Prism8 software (GraphPad) using two-

tailed Student t-test (for 2 individual groups, if unequal variance Mann-Whitney U test was 

used), one-way ANOVA with Bonferroni post-hoc test (for >2 individual groups, if unequal 

variance Kruskal-Wallis with Dunn’s post-hoc test was used), two-way ANOVA (for 

multiparametric analysis of 2 or more individual groups, pairing was used for samples that 

came from the same animal), Fisher’s exact test (for categorical data from 2 individual 

groups) with a confidence interval of >95% to determine significance (*p ≤ 0.05). Mantel-

Cox test was used for comparison of Kaplan-Meier survival curves. Cytokine data were log 

transformed for correlation analysis to correct for heteroscedasticity observed in the 

distribution of raw data (29). Data are presented as standard error of the mean.
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Results

NK cells promote host survival and limit the duration of the cytokine storm during sepsis.

NK cells act as pro-inflammatory mediators of the septic cytokine storm (7–9). However, 

given the duality of cytokine responses during sepsis and capacity of NK cells to participate 

in this dualism we sought to understand how NK cells broadly influence sepsis disease 

severity. To this end NK cells were depleted with αNK1.1 depleting antibody as previously 

described (7–9), achieving NK cell depletion that lasted up to 10 days after the initial Ab 

administration (Fig 1A–D). Further, we utilized a cecal-ligation-and-puncture (CLP) model 

for septic induction for its robust yet adjustable severity that effectively mimics clinical 

manifestations of sepsis (28; 30; 31). By varying the number of cecal punctures, severity of 

the septic event was modulated thereby enabling the interrogation of the role of NK cells 

during differential disease severity (Fig 1E). No difference in disease morbidity or mortality 

was observed when comparing NK-replete (IgG-treated) or -depleted (αNK1.1-treated) 

sham (control) and CLP20 (low disease severity) surgery mice (Fig 1F–I). However, while no 

difference was observed in the morbidity of NK-replete and -depleted mice following CLP50 

(high disease severity) surgery (Fig 1J), NK-depleted animals appeared to be meaningfully 

more susceptible to CLP50-induced mortality (Fig 1K). Endpoint survival analysis (via chi-

squared and logistic regression) and Pearson’s R correlation analysis further supported the 

trend toward enhanced mortality among NK-depleted hosts undergoing CLP50 surgery (Fig 

S1). Further we noted that the apparent enhanced mortality in the depleted group occurred 

after day 2, a time at which the cytokine storm has typically resolved in this model(15). We, 

therefore, evaluated the mortality from day 2 forward and found it to be significantly 

(p=0.0319) increased in the NK-depleted mice. These data suggest NK cells may promote 

long-term host survival after sepsis. Though it is notable that NK1.1 depletion impacts NKT 

cells it has previously been reported that CD1d-deficient animals (which only lack NKT 

cells) are less susceptible to sepsis mortality (32) suggesting that the increased susceptibility 

of depleted animals is associated with NK cells.

To understand how NK depletion may be influencing the cytokine storm, plasma cytokines 

were assessed prior to and at 6, 12, 24, and 48hrs post-CLP50 surgery from NK-sufficient or 

-deficient animals. While a cytokine storm was evident in the NK-sufficient animals, the 

scope of the cytokine storm was significantly increased in NK-depleted counterparts (Fig 

2A). Further, when the concentrations of IL-6, IL-1β, and IFNγ (cytokines associated with 

sepsis severity (32–37)) were assessed, NK-depleted CLP50 hosts had an extended duration, 

but not an increased magnitude, of the septic cytokine storm relative to NK-replete mice (Fig 

2B–D). Notably, NK cell depletion did not influence the magnitude of the IFNγ response 

suggesting that while NK cells contribute IFNγ during sepsis other cells may compensate in 

their absence (Fig 2C). Thus, the data in Figures 1 and 2 collectively show that NK cells 

promote survival during sepsis by limiting the scope and duration of the cytokine storm.

IL-15 is consumed by NK cells during sepsis and elicits NK IL-10 production.

The presence of IL-15 in the cytokine storm of NK-depleted hosts (Fig 2A) prompted further 

interrogation given its critical role in NK cell survival/homeostasis (38; 39). Indeed, IL-15 

was significantly elevated in the plasma of NK-depleted hosts relative to sham surgical 
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controls and non-depleted septic counterparts (Fig 3A). NK cells avidly consume IL-15, 

which is a tightly regulated cytokine due to its potent inflammatory and lymphoproliferative 

properties (40–42). Thus, the increase in plasma IL-15 potentially reflects the absence of 

IL-15 consumption by NK cells. To address how IL-15 influences NK cell cytokine 

production whole splenocyte cultures were treated with rIL-15 and supernatant was analyzed 

for cytokine production after 24 or 48hrs. Similar to prior work, IL-15 administration led to 

increased IFNγ production (Fig 3B), however, an increase in IL-10 production was also 

noted after 48hrs of culturing (Fig 3C) (17; 43). NK cells can produce IL-10 in response to 

IL-15 as observed in systemic malarial and Listeria infections (19; 20). To define the 

capacity and kinetics of NK cell production of IFNγ and IL-10 in response to IL-15, 

splenocytes from IL-10bit C57Bl/6 mice, which express Thy1.1 during active IL-10 

transcription(21), were stimulated with either low or high dose rIL-15 in vitro for 24 or 

48hrs (Fig 4A). Low dose IL-15 served as the control, due to the reliance of NK cells on 

IL-15 for survival (38; 39). Interestingly, there was a temporal distinction in the production 

of IFNγ and IL-10 by NK cells such that increased IFNγ and little IL-10 was detected at 

24hrs while little IFNγ and increased IL-10 was detected at 48hrs (Fig 4B–D).

Our in vitro studies with IL-15-stimulated NK cells revealed interesting data regarding IFNγ 
and IL-10 production, but we realize the in vitro stimulations with a single cytokine likely 

do not capture the complexity and global influence of the entire sepsis-induced cytokine 

storm on NK cells. Thus, IL-10 expression by NK cells was interrogated in septic hosts. 

Importantly, IL-10 gene expression was observed in sorted NK cells 24hrs after surgery that 

resolved by 48hrs (Fig S2B), demonstrating NK IL-10 production occurs in septic hosts. The 

difference in kinetics of the IL-10 response between the in vitro IL-15 stimulation and in 
vivo response to sepsis likely reflects the complexity of the stimulations. Further, IL-10 

production was observed in NK cells from IL-10bit mice following both CLP20 and CLP50 

(Fig S2C). These data indicate that NK cells produce IL-10 in the context of the sepsis-

induced cytokine storm and IL-10 production is relevant even when mortality is not 

anticipated.

To determine whether NK cell production of IL-10 during sepsis was IL-15-dependent, 

IL-10bit mice were treated daily with either control IgG or αIL-15/R blocking antibody, 

which targets both unbound, soluble IL-15 and IL-15 complexed with the IL-15 receptor 

alpha, beginning a day prior to CLP20 surgery. The frequency of IL-10-producing NK cells 

(as measured by Thy1.1 expression) in the PBL was assessed longitudinally while those in 

the spleen were assessed 48hrs post-surgery and plasma IL-10 was assessed 24hrs post-

surgery (Fig 5A). Consistent with our in vitro studies, IL-15/R blockade significantly 

reduced the frequency of IL-10-producing NK cells in the PBL (Fig 5B) and led to a 

trending decrease in the spleen (Fig 5C). The reduced frequency of IL-10-producing NK 

cells culminated in a significant reduction in the concentration of plasma IL-10 24hrs post-

surgery (Fig 5D). Importantly, the dosage of the anti-IL-15 antibody, while sufficient to 

block IL-10 production by NK cells, did not reduce the frequency or number of NK cells 

(Fig 5E), nor did it make them more sensitive to sepsis-induced cell loss (Fig 5F). Thus, our 

data in Figures 3–5 collectively demonstrate NK cells produce IL-10 during sepsis in an 

IL-15-dependent manner.
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NK cell-derived IL-10 supports host survival during sepsis.

IL-10 has an established role as an anti-inflammatory cytokine and thus counterbalances the 

pro-inflammatory aspects of the cytokine storm. Thus, the production of IL-10 during sepsis 

may be a mechanism by which NK cells contribute to the regulation of inflammatory 

responses. Indeed, NK IL-10 production limits immunopathology during other systemic 

infections (19; 44). To determine the role of IL-10 during sepsis, wildtype and Il-10−/− mice 

underwent CLP50 surgery (Fig S3A). Similar to prior reports, Il-10−/− mice exhibited 

enhanced mortality (Fig S3B) suggesting IL-10 plays a critical role in promoting host 

survival during sepsis(45).

To address whether NK cell-derived IL-10 contributes to host survival during sepsis NCR1-

CreERT2+/− Rosa26-tdTomato IL-10flox/flox mice were generated. These mice along with 

Rosa26-tdTomato IL-10flox/flox littermates were treated with tamoxifen daily for 5 days to 

knock out IL-10 expression in NK cells expressing the CreERT2 (Fig 6A). Depletion was 

assessed via induced tdTomato expression, wherein ~90% of NK cells had activated 

CreERT2 (Fig 6B) and NK cells composed >95% of the cells that had activated CreERT2 

(Fig 6C) demonstrating the specificity of the IL-10 deficiency. Two days after the final 

tamoxifen treatment mice underwent CLP20 surgery and morbidity/mortality was monitored 

(Fig 6A). Mice whose NK cells lacked IL-10 (NCR1-CreERT2+/− Rosa26-tdTomato 

IL-10flox/flox) exhibited elevated weight loss, increased mortality, and prolonged signs of 

illness (Fig 6D–F). Importantly, this loss of IL-10 production by NK cells reduced host 

survival from 70% to 30% (Fig 6E), likely reflecting the capacity of NK cells to contribute 

solely as pro-inflammatory effectors (e.g., IFNγ). This loss of NK cell-derived IL-10 was 

also sufficient to reduce the amount of IL-10 present in the plasma by ~50% demonstrating 

their major contribution to the anti-inflammatory arm of the cytokine storm (Fig 6G). 

Furthermore, the specificity of the CreERT2 activation for NK cells precludes a contribution 

of NKT cells to this difference in survival, emphasizing the role of NK-derived IL-10. Thus, 

these data show NK cell-derived IL-10 is a critical facet of host survival during sepsis by 

limiting the scope and duration of the cytokine storm.

Increased IL-10 production by NK cells in septic patients correlates with severity of the 
cytokine storm.

To determine whether NK cell-derived IL-10 also plays a role in septic patients, PBL were 

collected from both septic patients and healthy controls. Septic patient samples were 

collected within 24hrs of admission to the ICU. Control and septic patients did not exhibit 

substantial demographic differences though septic patients exhibited severe disease (Table I). 

NK cells from patients were identified as CD45+CD3−CD19−CD14− cells (Fig 7A). NK cell 

subset analysis revealed a predominance of CD56dim NK cells in both the septic patients and 

healthy controls (Fig 7A,D). We did not observe lymphopenia in septic patients, which is 

associated with the immunoparalysis state following sepsis (46–50), indicating that analysis 

of these samples is more likely to reflect the on-going cytokine storm. However, there was 

increased production of IL-10 by NK cells observed in septic patients (Fig 7E, F). Thus, 

similar to observations in mice, NK cells in septic patients produce IL-10. We further 

observed that while IL-10, IFNγ, and IL-6 were all elevated in patient plasma (Fig 8A–C), 

the concentration of IL-10 correlated with the concentration of IL-6 (Fig 8D) but was 
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inversely correlated with the concentration of IFNγ (Fig 8E). Correlations were performed 

with log transformed values to correct for heteroscedasticity in the distribution of raw data 

(29). The correlation of IL-10 with IL-6 (Fig 8D) is consistent with notion of IL-10 acting to 

regulate the pro-inflammatory cytokine storm. While the inverse correlation of IFNγ with 

IL-10 is consistent with our observation that NK cells produce either IL-10 or IFNγ at a 

given time (Fig 4). Thus, IL-10 production by NK cells, in response to IL-15, is a critical 

factor in host survival during sepsis by limiting the duration of the cytokine storm and is a 

conserved feature of between animal models and septic patients.

Discussion

Sepsis remains a significant and often fatal disease for which numerous clinical trials 

targeting the cytokine storm have failed (4). This is likely due to the complex inter-

relationships of the various cytokines elicited and their corresponding effect on cells. 

Broadly, this cytokine release can be delineated into pro- and anti-inflammatory phases of 

the cytokine storm. Here, we demonstrated a linkage of this biphasic inflammatory response 

wherein pro-inflammatory IL-15 elicited anti-inflammatory IL-10 production by NK cells. 

This indicates that therapies which solely target the inflammatory aspects of the cytokine 

storm may subsequently impact the beneficial anti-inflammatory aspects. Thus, by 

disrupting the pro-inflammatory signals that are detrimental to the host, the anti-

inflammatory signals that benefit the host may also become dysregulated. NK cells 

exemplify this complexity through their production of both pro-inflammatory (e.g., IFNγ) 

and anti-inflammatory (e.g., IL-10) cytokines during sepsis, in response to similar stimuli 

(17; 19; 20). This may contribute the difficulties experienced when attempting to utilize 

inflammatory cytokine blockade to reduce disease severity, wherein anti-inflammatory, 

protective immune responses may also be dampened.

Given this complexity it is pertinent to reflect on approaches used to target the cytokine 

storm. Specifically, methods of uncoupling the pro- and anti-inflammatory aspects of sepsis 

may effectuate enhanced survival when utilized in conjunction with pro-inflammatory 

cytokine blockade. With regard to NK cells specifically, Clark et al. demonstrated that 

activation of STAT3 activation, in response to cis-presentation of IL-15 and IL-10ra 

signaling, is required for IL-10 production (20). Therefore, STAT3 activation may initially 

present as a potential therapeutic target for inducing IL-10 production, however, it is also 

implicated in the production of inflammatory cytokines, in particular IL-6 which is 

associated with sepsis severity (51; 52). Importantly, administration of tocilizumab (i.e., IL-6 

blockade) has some benefit in CLP models though has only recently begun to be explored 

clinically for sepsis (53; 54). These observations suggest STAT3 activation in combination 

with IL-6 blockade has the potential to decouple the biphasic components of sepsis and 

thereby promote survival. We also observed relatively few IFNγ and IL-10 co-producing 

NK cells, consistent with the observation by Clark et al. during Listeria infection (17). So, 

while NK cells have the capacity to contribute either IFNγ or IL-10 there is clearly 

regulation that establishes which of these a cell will contribute at a given time. Thus, further 

interrogation into the molecular switches between these differential responses may promote 

therapeutic tuning of cytokine responses in order to maintain the balance between pathogen 

clearance and immunopathology. Yet it is worth reflecting on the redundant nature of many 
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inflammatory cytokines and cellular mediators within the context of sepsis and how singular 

focus on individual cells or cytokines is still likely to be too narrow for effectuating broad 

improvement in management of the cytokine storm.

Broadly, our characterization of counterbalancing mechanisms demonstrates that while cells 

are often described by their most canonical effector function, they must also retain the 

ability to offset their own action. Other examples of this include the production of IL-10 by 

memory CD8 T cells or IFNγ by Tregs (55–58). Thus, when dysregulation of cytokine 

responses occurs, as in sepsis, it may also be of benefit to look beyond the conventional 

cellular antagonist to a response and instead interrogate some of the mechanisms by which 

cells are losing their capacity to counterbalance their conventional effector functions. A 

relevant example can be found in SARS-CoV-2 infection where patients can experience 

acute respiratory distress syndrome (ARDS), along with an associated cytokine storm 

(consisting of both pro- and anti-inflammatory cytokines) and subsequent organ failure 

which parallels other pneumonic septic insults (59–62). Further, NK cells, among other 

lymphocytes, experience a severe numerical and functional loss after resolution of the 

infection (62–66) mirroring the immunoparalysis phase of sepsis (67–74). Thus, by 

reflecting on the congruence of immune dysregulation during major systemic infections 

therapeutic strategies may both improve and complicate therapeutic interventions. Such an 

approach could lead to more efficacious management of sepsis, SARS-CoV-2, and other 

dysregulated inflammatory responses.

Finally, it is relevant to reflect on how the duality of NK cells during the septic event may go 

on to influence the subsequent development of immunoparalysis, which is characterized by 

the numerical and functional impairment of numerous lymphocyte populations (15; 46; 47; 

69–75). It is intriguing to postulate that those NK cells that survive the sepsis-induced 

lymphopenia may subsequently be primed to produce IL-10, promote anti-inflammatory 

activity, and variably reduce host capacity to respond to cancer and infection. Indeed, sepsis 

does alter the transcriptional profile of NK cells (47). With regard to patients, this may lead 

to a shift toward CD56− CD16+ NK cells that have been described in the context of chronic 

viral infections with reduced functional capability (76–78), similar to the described 

impairments of NK cells after septic insult. While we did not observe such a shift at this 

early timepoint, the production of IL-10 may serve as a prelude to this phenotypic and 

functional change. Thus, IL-10 production by NK cells may be consequential to/ indicative 

of both the cytokine storm and the subsequent immunoparalysis state.
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Key Points:

1. NK cells produce IL-10 during sepsis in an IL-15-dependent manner.

2. NK cell-derived IL-10 promotes host survival during sepsis.

3. NK cell-derived IL-10 is relevant to septic patients.
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Figure 1: NK cell depletion leads to enhanced mortality late after sepsis induction.
A) Experimental Design: The frequency of NK cells (CD3−CD122+CD49b+) in the PBL of 

mice every other day for 10 days. Mice were administered either control IgG or αNK1.1 

depleting antibody on days 0 and 2 (after monitoring PBL). The frequency of NK cells in the 

spleen was assessed at D10. (B) Representative Gating: Gate of CD122+CD49b+ cells in the 

PBL 10 days after the initial depletion. Prior gating is on CD3− lymphocytes. Frequencies 

are of total lymphocytes. (C) Frequency of NK cells in the PBL throughout the following 

administration of control IgG or αNK1.1 antibody. (D) Frequency of NK cells in the spleen 

10 days after the initial depletion. Data are representative from at least 3 independent 

experiments with 3–5 mice per group. E) Experimental Design: 2 days prior to surgery mice 

Jensen et al. Page 17

J Immunol. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were administered either control IgG or αNK1.1 depleting antibody. On the day of surgery 

mice underwent either Sham (no ligation or puncture), CLP20 (ligation and 1 puncture), or 

CLP50 (ligation and 2 punctures) and received a second antibody injection. (F,G) Sham, 

(H,I) CLP20, and (J,K) CLP50 were monitored for (F,H,J) weight loss and (G,I,K) mortality 

daily for 8 days. Morbidity and mortality data are cumulative from 3 independent 

experiments with 9–32 mice per group. Mortality data is displayed as Kaplan-Meier curves. 

Error bars represent standard error of the mean.
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Figure 2: NK cell depletion leads to a prolonged cytokine storm.
A) Heatmap of plasma cytokines in IgG- and αNK1.1-treated CLP50 hosts prior to surgery 

and at 6, 12, 24, and 48hrs post-surgery. Plasma (B) IL-6, (C) IFNγ, and (D) IL-1β 
concentration at 6 and 12 hrs after surgery in Sham and CLP50 mice that received either 

control IgG or αNK1.1 depleting antibody. Plasma cytokine data are from a single 

experiment with 3 mice per group. * = p<0.05. Error bars represent standard error of the 

mean.

Jensen et al. Page 19

J Immunol. Author manuscript; available in PMC 2022 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: NK cells consume IL-15 during sepsis and IL-15 induces production of IL-10.
A) Plasma IL-15 concentration at 12 hrs after surgery in Sham and CLP50 mice that received 

either control IgG or αNK1.1 depleting antibody. OD450 reading for (B) IFNγ and (C) 
IL-10 in the supernatant of splenocytes treated with either 0 or 104 pg/mL IL-15 for either 

24 or 48hrs. All data are representative from at least 2 independent experiments with at least 

4–5 mice per group. (A) * = p<0.05, (B,C) *=p<0.05 for 24hrs #=p<0.05 for 48 hrs. Error 

bars represent standard error of the mean.
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Figure 4: NK cells produce IL-10 in an IL-15-dependent manner.
(A) Experimental Design: Splenocytes were harvested from IL-10bit mice, cells express 

Thy1.1 when IL-10 is expressed. IL-10bit splenocytes were then stimulated with either 1 or 

104 pg/mL of IL-15 for either 24 or 48hrs. BfA was added during the last 4hrs of stimulation 

(either 20 or 44hrs, respectively) and the frequency of IFNγ and IL-10 expressing NK cells 

(NK1.1+CD3−) was determined by ICS. (B) Representative Staining: NK cells expressing 

Thy1.1 (IL-10) and IFNγ at 24 or 48hrs post stimulation with either 1 or 104 pg/mL IL-15. 

Frequency of (C) IFNγ- and (D) IL-10-expressing NK at 24 or 48hrs post stimulation with 

either 1 or 104 pg/mL of IL-15. Data are representative from 2 independent experiments with 

at least 4–5 mice per group. * = p<0.05 for 24hrs #=p<0.05 for 48 hrs. Error bars represent 

standard error of the mean.
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Figure 5: NK cells produce IL-10 during sepsis in an IL-15-dependent manner.
A) Experimental Design: Mice were given either control IgG or αIL-15/R blocking 

antibody, which inhibits both unbound, soluble IL-15 and IL-15 complexed with the IL-15 

receptor alpha, 1 day prior to surgery and repeated on the day of sham or CLP20 surgery 

(Day 0) and Day 1 post-surgery. IL-10 production by NK cells and plasma IL-10 

concentrations were monitored. (B) Frequency of IL-10-producing NK cells in the PBL of 

mice treated with either control IgG or αIL-15/R blocking antibody was assessed prior to 

and 12, 24, and 48hrs after surgery. (C) Frequency of IL-10-producing NK cells in the 

spleens of mice treated with either control IgG or αIL-15/R blocking antibody was assessed 

48hrs after surgery. (D) Plasma IL-10 concentration of either control IgG or αIL-15/R 

blocking antibody treated mice 24hrs after surgery. Frequency (E) and number (F) of T cells 

and NK cells on the day of and 2 days after CLP20 surgery (1 and 3 days after initiation of 
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IL-15 blockade, respectively). All data are representative from at least 2 independent 

experiments with at least 4–5 mice per group. * = p<0.05. Error bars represent standard error 

of the mean.
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Figure 6: NK cell-derived IL-10 supports host survival during sepsis.
A) Experimental Design: NCR1-CreERT2+/− IL-10flox/flox Rosa26-TdTomato Thy1.1/1.1 

and IL-10flox/flox Rosa26-TdTomato Thy1.1/1.1 mice were administered tamoxifen in corn 

oil daily, for 3–5 days, by oral gavage. Two days after the last tamoxifen dose mice 

underwent CLP20 surgery. Mice were then monitored for morbidity, by both weight loss and 

clinical scoring, and mortality. Representative flow profiles demonstrating successful Cre-

mediated excision of LoxP sites on the day of surgery by assessing the frequency of (B) 
TdTomato-expressing cells among NK cells from IL-10flox/flox Rosa26-TdTomato 

Thy1.1/1.1 mice as wells among T cells and NK cells from NCR1-CreERT2+/− IL-10flox/flox 

Rosa26-TdTomato Thy1.1/1.1 mice and by assessing or (C) NK cells among both singlets 

and TdTomato-expressing cells in NCR1-CreERT2+/− IL-10flox/flox Rosa26-TdTomato 
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Thy1.1/1.1 mice. (D) Weight loss, (E) mortality, and (F) clinical scoring of following CLP20 

surgery of IL-10flox/flox Rosa26-TdTomato Thy1.1/1.1 mice (NK-IL10 sufficient) and 

NCR1-CreERT2+/− IL-10flox/flox Rosa26-TdTomato Thy1.1/1.1 (NK-IL10 deficient) mice. 

(G) Plasma IL-10 concentration of IL-10flox/flox Rosa26-TdTomato Thy1.1/1.1 mice (NK-

IL10 sufficient) and NCR1-CreERT2+/− IL-10flox/flox Rosa26-TdTomato Thy1.1/1.1 (NK-

IL10 deficient) mice 12hrs after CLP20 surgery. Morbidity and mortality data are combined 

from 2 independent experiment with 22–24 mice per group. Mortality data is displayed as 

Kaplan-Meier curves. Cytokine data are from a single experiment with 10–11 mice per 

group. * = p<0.05. Error bars represent standard error of the mean.
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Figure 7: Septic patient NK cells have elevated IL-10 expression.
A) Representative Staining: NK cells (CD45+CD3−CD19−CD14− cells), CD56negCD16+, 

CD56lo, and CD56hi NK cells, and NK cells expressing IL-10 from healthy controls and 

septic patients (within 24hrs of hospital admission). Grey histograms indicate staining with 

isotype control antibody. The number of (B) total lymphocytes and (C) NK cells per mL of 

blood in healthy controls and septic patients. (D) Frequency of CD56negCD16+, CD56lo, and 

CD56hi NK cells in healthy controls and septic patients. The (E) frequency and (F) GMFI of 

IL-10 among all NK cells for both healthy controls and septic patients. Data are 

representative of 3 independent experiments with 16–27 patients per group. * = p<0.05. 

Error bars represent standard error of the mean. Dashed line indicates Isotype GMFI.
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Figure 8: Positive correlation of plasma IL-10 with IL-6 in septic patients.
Plasma (A) IL-10, (B) IL-6, and (C) IFNγ concentration in healthy controls and septic 

patients within 24hrs of hospital admission. Correlation of plasma IL-10 with plasma (D) 

IL-6 or (E) IFNγ in septic patients. Data are log transformed to correct for 

heteroscedasticity in data distribution. Data are from a single experiment with 12–14 

patients per group. * = p<0.05. Error bars represent standard error of the mean.
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Table I:

Patient demographics.

Overall

Patients Septic (n=27) Control (n=16) p-value

Age (mean +/−SD) 59.3 +/−16.3 51.6 +/−13.2 ns

Male (%) 40.7% 37.5% ns

Caucasian (%) 100% 81.3% 0.0454

APACHE II Score (mean +/−SD) 11.1 +/−5.9

SOFA Score (mean +/−SD) 4.6 +/−4.3

% in Septic Shock 55.6%

Time Post-Admission (hrs) 6.6 +/−5.3

Cellular Data (Figure 7)

Patients Septic (n=27) Control (n=16) p-value

Age (mean +/−SD) 59.3 +/−16.3 51.6 +/−13.2 ns

Male (%) 40.7% 37.5% ns

Caucasian (%) 100% 81.3% 0.0454

APACHE II Score (mean +/−SD) 11.1 +/−5.9

SOFA Score (mean +/−SD) 4.6 +/−4.3

% in Septic Shock 55.6%

Time Post-Admission (hrs) 6.6 +/−5.3

Cytokine Data (Figure 8)

Patients Septic (n=14) Control (n=12) p-value

Age (mean +/−SD) 62.6 +/−14.4 52.8 +/−10.8 ns

Male (%) 28.6% 33.3% ns

Caucasian (%) 100% 91.7% ns

APACHE II Score (mean +/−SD) 12.4 +/−4.6

SOFA Score (mean +/−SD) 4.4 +/−3.3

% in Septic Shock 78.6%

Time Post-Admission (hrs) 11.64 +/−8.4
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