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Abstract: Sepsis without direct therapeutic drugs is a serious infectious syndrome that presents 

strong challenges in innovatively reducing mortality and long-term disabilities/fragilities. Immediate 

intensive actions at the beginning of sepsis are critical for improving prognosis and preventing 

multiorgan dysfunctions or complications. However, there is an urgent need to introduce alternative 

options for patients who are refractory to exhaustive resuscitation based on the survival of sepsis 

campaigns. Natural killer (NK) cells are the core cellular components of the innate immune system, 

and balanced NK cell activity (NKA) may play a crucial role in hindering the fatal exacerbation of 

sepsis. Based on conflicting data on whether NKA is harmful or helpful in the course of sepsis, we 

evaluated NKA following mortality in a murine intra-abdominal sepsis model by measuring the 

activating/inhibitory NK receptor (NKR) and CD11b/CD27 subpopulations in the peripheral blood, 

bone marrow, lymph nodes, spleen, and liver. Several experiments have consistently revealed that 

NKA, which had been reduced immediately after mild-grade sepsis, surviving until day 7 after cecal 

ligation and puncture, was significantly restored (upregulation of activating NKR, downregulation 

of inhibitory NKR, further increment of fully mature cytotoxic NK subsets [CD11bhigh/CD27low] or 

total NK cells, and higher concentration of granzyme B). However, NKA in high-grade sepsis with 

early entire mortality after cecal ligation and puncture was continuously suppressed. No sustained 

post-sepsis surge in interferon-γ was observed in the mild-grade sepsis group. In conclusion, 

persistent repression of NK cell function is associated with a lethal outcome of sepsis. 

Keywords: cecal ligation and puncture; granzyme B; immunophenotype; mortality; NK cell; NK cell 

activity; NK receptors; sepsis 

 

1. Introduction 

Sepsis syndrome, for which direct and specific drugs are currently unavailable, is a serious 

infectious condition leading to high mortality and long-term disabilities, irrespective of immediate 

intensive resuscitation, appropriate antimicrobial treatment, and immunomodulation with 

corticosteroids or immunoglobulins (Igs) [1–4]. The initial intricate pathophysiological alterations of 

sepsis-induced devastating multiorgan dysfunction are associated with exaggerated upregulation of 

the innate immune system, resulting in an overwhelming release of inflammatory mediators called 

cytokine storm [1,3,5–7]. Therefore, maintaining homeostasis of immune responses plays an 

important role in adequately controlling infection and inflammation and improving prognosis [6]. 

Natural killer (NK) cells are crucial cellular components of the rapid and nonspecific host 

defense mechanisms during early sepsis caused by various bacterial and viral pathogens [7–15]. 

Several human studies have shown that absolute NK cell counts or percentages of total lymphocytes 
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in the early stage of sepsis are associated with gravity or short-term outcomes with conflicting 

(positive or negative) correlations [16–20]. In a mouse model of severe acute pneumonia caused by 

Pseudomonas aeruginosa, an apoptotic deficiency of spleen-resident NK cells resulted in earlier death 

without a change in the bacterial load in the lungs [21]. The gradually increasing number of liver- 

and spleen-resident NK cells after cecal ligation and puncture (CLP) produced higher serum anti-

inflammatory interleukin (IL)-10 levels through the decreased IL-18 receptor, which ultimately 

caused mortality in a polymicrobial murine sepsis model [22]. In addition, NK cell-depleted mice had 

improved survival rates through lowering pro-inflammatory cytokines (e.g., interferon-γ [IFN-γ], IL-

6) in the septic shock induced by Streptococcus pyogenes [14]. These data suggest that NK cells are 

significantly involved in the complex immunological mechanisms of incipient sepsis with close 

interactions with diverse inflammatory mediators; however, it is still not clear whether NK cell 

activity (NKA) could be comprehensively beneficial or harmful to the outcome of universal sepsis 

syndrome or sepsis in particular situations (e.g., basic host immune status and old age) or by specific 

microbes [9,19,23–27]. 

NKA is systematically regulated by an overall balance between signals delivered through many 

activating and inhibitory NK cell receptors (NKR), which are classified into Ig and C-type lectin 

superfamilies [28,29]. In a human study of intensive care unit participants, the killer cell Ig-like 

receptor-3DL1 (CD158e), an inhibitory NKR, was significantly higher in the sepsis group than in the 

systemic inflammatory response syndrome group; however, other activating or inhibitory NKRs, 

including NKp30, NKp46, and NKG2A/C/D, were similar between the two groups [20]. Little is 

known about NKA alterations based on the dynamic changes in NK cell subpopulations and NKRs 

in the blood and lymphoid organs during the initial stages of sepsis according to mortality. We 

conducted this study to identify the distinct features of NKA that cause early sepsis-attributable death 

by comparing time-specific differences in surface antigens and receptors between surviving and 

deceased groups in a murine sepsis model. 

2. Results 

2.1. Changes in NK-1.1 Expression and Total NK Cell Counts 

NK-1.1-encoding mRNA in PB compared with that in BM and tissues was expressed most 

strongly in the sham, MGS, and HGS groups, regardless of the time points after sepsis. The levels of 

NK-1.1 mRNA in the PB samples of all mice after MGS and HGS were significantly lower than those 

in the sham control (all P < 0.001). NK-1.1-encoding mRNA in the PB of the MGS group was 

significantly upregulated on days 3 (P < 0.001) and 7 (P = 0.02) compared with day 1, but NK-1.1-

encoding mRNA on day 3 after HGS was significantly downregulated compared with day 1 (P < 

0.001). The suppressed NK1.1-encoding mRNA in the BM-, LN-, liver-, and spleen-resident 

lymphocytes on the first day after MGS compared with that in the sham group (all P < 0.001) 

gradually recovered over time (all P < 0.001). The levels of NK-1.1-encoding mRNA on the 7th day 

were significantly higher than those in the sham group (all P < 0.001). However, the BM-, LN-, liver-, 

and spleen-resident lymphocytes in the HGS group had significantly lower NK1.1-encoding mRNA 

levels on day 3 than on day 1 (all P < 0.001) (Figure S1). 

The changing patterns of total NK cell (CD3-/NK-1.1+) percentages in flow cytometry were 

similar to the results of RT-PCR in all samples and time points in the MGS and HGS groups (Figure 

1 and Figure S2). Flow cytometry showed that the ratios of total NK cells in the PB, LN, BM, spleen, 

and liver on day 1 after MGS and HGS were substantially reduced compared with those in the sham 

group. The proportion of NK cells in the MGS group gradually increased on the 3rd and 7th days 

after MGS, but the total NK cell percentage decreased on the 3rd day in the HGS group. Shrinkage of 

NK cells at day 3 was more clearly observed in the PB and LN (Figure 1). 
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Figure 1. Changes in total NK cell proportions among the lymphocytes after mid- and high-grade sepsis. The 

light-gray area in the upper left quarter indicates the total NK cells (CD3-/NK-1.1+ lymphocytes). All numbers 

displayed in the four quarters represent the percentages of cell counts. Abbreviations: BM, bone marrow; HGS, 

high-grade sepsis; LN, lymph node; MGS, mid-grade sepsis; NK, natural killer. 

2.2. Differences of CD11b- or CD27-Expressing NK cell Subpopulations According to Sepsis Lethality 

CD11b expression in PB-, LN-, spleen-, and liver-resident NK cells of the MGS group was 

considerably increased on days 1, 3, and 7 compared to that in the sham group, and the percentage 

of CD11bhigh/CD27low NK cells continued to expand over time after MGS. BM-resident NK cells on the 

first day after MGS had a similar proportion of CD11bhigh/CD27low as the sham but had significantly 

higher ratios of CD11bhigh/CD27low subpopulations on days 3 and 7, as with other types of samples. 

In contrast to the MGS group, CD11bhigh/CD27low NK cells on day 3 after HGS in the PB, BM, LN, 

spleen, and liver were substantially suppressed compared with those on day 1 after HGS, even 

though CD11bhigh/CD27low NK cells on day 1 after HGS in all samples, except the BM, had a higher 

percentage than those in the sham group (Figure 2). 
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Figure 2. Comparison of dynamic alterations of CD11b- or CD27-positive NK cell subpopulations between mid- 

and high-grade sepsis. The green boxes indicate that the CD11bhigh/CD27low and CD11blow/CD27high 

subpopulations increased on day 1 of MGS and HGS compared with the sham group. The blue and red arrows 

represent significantly increased and decreased subpopulations, respectively, compared with the first day after 

sepsis within each MGS or HGS group. Abbreviations: BM, bone marrow; HGS, high-grade sepsis; LN, lymph 

node; MGS, mid-grade sepsis. 

Alterations in the percentage of CD11blow/CD27high NK cells in both MGS and HGS showed 

opposite characteristics to those of the CD11bhigh/CD27low subpopulations. CD27 expression in all 

samples except the BM increased after MGS and HGS compared with that in the sham group. The 

proportions of CD11blow/CD27high NK cells on days 3 and 7 after MGS were greatly reduced compared 

with that on day 1, with a gradual decline over time; however, CD11blow/CD27high subpopulations on 

day 3 in the HGS group were higher than those on day 1 (Figure 2). 

2.3. Dynamic Alteration of NK Receptors in the MGS and HGS 

The mRNAs encoding Ly-40C and Ly-49G2 NKR in PB-, LN-, and BM-resident NK cells of the 

MGS group were significantly upregulated on day 1 after MGS compared with those in the sham 

group (all P < 0.001). However, the mRNA levels of Ly-40C and Ly-49G2 on days 3 and 7 in these NK 

cells continued to gradually decrease compared with those on day 1 after MGS (all P < 0.001, except 

P = 0.02 between days 3 and 7 in PB). In contrast to MGS, the mRNA expression levels of Ly-40C and 

Ly-49G2 on day 1 after HGS in PB-, LN-, and BM-resident NK cells were significantly higher than 

those in the sham group (all P < 0.001) and increased further on day 3 (all P < 0.001). The mRNAs 
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encoding the Ly-40C and Ly-49G2 receptors in spleen- and liver-resident NK cells showed no 

significant differences in either MGS or HGS or at all time points after sepsis (Figure 3A and 3B). 

The amount of mRNA encoding Ly-49H NKR expressed in BM-resident NK cells, which was 

significantly upregulated on day 1 or 3 after HGS compared with that in the sham group (all P < 

0.001), was significantly reduced on day 3 compared with that on day 1 (P < 0.001). However, the 

mRNA levels of Ly-49H in samples, except for BM or Ly-49D in PB and all tissues, were similar 

between days 1 and 3 after HGS. The PB-, LN-, and BM-resident NK cells on days 3 and 7 after MGS 

highly expressed mRNA encoding Ly-40D and Ly-49H NKRs compared with the levels on day 1, as 

well as in the sham group, with a large upregulation over time after MGS (all P < 0.001) (Figure 3C 

and 3D). Overall, mRNAs encoding Ly-40C/G2 or Ly-40D/H were the most downregulated or 

upregulated, respectively, in PB-, LN-, and BM-resident NK cells on day 7 after MGS (Figure 3A–D). 

The proportions of NKR-positive NK cells in flow cytometry showed the same differences and 

changes as the mRNA RT-PCR results in the PB (Figure 4), LN, BM, liver, and spleen (Figure S2). 

(A) Ly-49C (inhibitory NKR) 

 

(B) Ly-49G2 (inhibitory NKR) 
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(C) Ly-49D (activating NKR) 

 

(D) Ly-49H (activating NKR) 
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Figure 3. Difference in mRNA expression of inhibitory and activating NK receptors in mid- and high-grade 

sepsis. *P<0.05, **P<0.001. BM, bone marrow; HGS, high-grade sepsis; LN, lymph node; MGS, mid-grade sepsis; 

NKR, NK receptor. 

(A) Inhibitory receptors 

 

(B) Activating receptors 
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Figure 4. Alteration of various NK receptor-expressing NK cell counts in the peripheral blood. HGS, high-grade 

sepsis; Ly, lymphocyte antigen; MGS, mid-grade sepsis. 

2.4. Expression of Granzyme B and IFN-γ 

Plasma GzmB concentrations after sepsis in both the MGS and HGS groups were significantly 

higher than those in the sham group (all P < 0.001). The levels of GzmB in the HGS group were not 

different on days 1 and 3, but GzmB levels in the MGS group gradually and significantly increased 

on days 1, 3, and 7 (P < 0.001 between days 1 and 3 or between days 1 and 7, and P = 0.01 between 

day 3 and 7) (Figure 5A). 

GzmB-encoding mRNA expression normalized to that of the sham mice as 1 showed a 

significant and gradual increase (from 2-fold to 7-fold) in the PB and LN of the MGS group over time 

after sepsis (all P < 0.001). The mRNA expression of GzmB in the spleen, which was upregulated on 

day 1 after MGS, was significantly downregulated to a value lower than that in the sham group on 

days 3 and 7 (P < 0.001). The BM and liver showed no changes in GzmB-encoding mRNA after MGS, 

with normalized values of less than 1. The normalized mRNA levels of GzmB in the PB, LN, BM, 

liver, and spleen did not differ between days 1 and 3 after HGS, with a fold change > 1 only in the PB 

(Figure 5B). 

The IFN-γ concentration, which was greatly increased on day 1 after HGS, did not decrease and 

remained high on day 3. However, the high level of IFN-γ on day 1 after MGS was significantly 

reduced on days 3 and 7 (all P < 0.001) (Figure 5C). 
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(A) Concentration of granzyme B released into the peripheral blood 

 

(B) Normalized mRNA levels encoding granzyme B 

 

(C) Interferon-γ concentration in the peripheral blood 
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Figure 5. Change in granzyme B concentration in the peripheral blood and mRNA expression encoding 

granzyme B in various organs. In the sham group, 27 samples were measured twice, and all were below the 

measurement limit. Each column in the MGS and HGS groups was calculated from the values measured in 

duplicate for the nine samples. mRNA expression levels obtained from real-time RT-PCR were normalized to 

the relative ratio based on the values in sham mice. The heights in the bars (A, C) and dots (B) represent the 

mean values, and all error bars represent the standard error of the mean. **P <0.001. Abbreviations: BM, bone 

marrow; Ct, cycle threshold value; HGS, high-grade sepsis; IFN-γ, interferon-gamma; LN, lymph node; MGS, 

mid-grade sepsis; PB, peripheral blood. 

3. Discussion 

Our results present the following findings about NKA after sepsis in the PB, BM, and lymphoid 

organs: (1) regardless of the gravity, the proportion of total NK cells among mononuclear cells is 

reduced immediately after sepsis; (2) the declined total NK cells are gradually restored in the 

surviving MGS but not in the lethal HGS; (3) the terminally mature lytic NK cells (CD11bhigh/CD27low) 

continue to increase over time after MGS [30–33]; (4) the immediate expansion of lytic NK cells 

rapidly disappears by day 3 after the HGS; (5) the cytokine-producing NK cells (CD11blow/CD27high) 

show the opposite characteristics of the lytic NK cell subpopulations (gradually suppression after 

MGS and increase after HGS) [33]; (6) the activating NKRs in the PB, LN, and BM are significantly 

induced gradually after MGS but not after HGS. On the contrary, the inhibitory NKRs are 

continuously downregulated over time after a surge immediately after MGS, but it increases sharply 

in the lethal HGS; and (7) consistent with the dynamic alterations of lytic NK subpopulations, the 

plasma GzmB increases continuously after MGS but not in the HGS. 

Together with these coherent data from diverse examinations, changes in GzmB with 

cytotoxicity against cells invaded by pathogens may collectively imply dynamic changes in 

comprehensive NKA during the early stage according to the lethality of sepsis as follows [13,27,34]: 

(1) NKA is restrained immediately after non-lethal sepsis but recovers over time; (2) NKA in sepsis 

with short-term mortality continues to be substantially repressed; and (3) restored NKA in less critical 
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sepsis does not result in excessive production of cytokines. The diametrical relationship between 

NKA and early fatality of sepsis suggests that the measurement of NKA (e.g., proportions of NK 

subpopulations by the standardized flow cytometry or levels of specific activating/inhibitory NKRs 

or concentration of GzmB after NK cell sorting) could be clinically utilized as an initial indicator to 

predict a poor prognosis of sepsis and that the infusion of functionally matured NK effector cells at 

certain time or situation (e.g., unrecoverable NKA) might be used as an alternative therapy in the 

detrimental sepsis that is refractory to standard management [9,13,15,27]. Clinical studies have been 

conducted on adoptive NK cell-based immunotherapies for treating infectious diseases [9,15,27]. 

Previous human and animal studies could not establish whether total NK cells or 

subpopulations and NKA ultimately contribute to the worsening of the complicated pathophysiology 

leading to the immune-paralytic status or result in a balanced recovery in the course of sepsis, which 

are strongly related to the moderation of cytotoxic or apoptotic effects, as well as pro- or anti-

inflammatory cytokines/chemokines [9,19,25–27]. Nevertheless, recent studies suggest that 

appropriate NK cells, specific NKA, and proper GzmB inhibition are associated with good sepsis 

prognoses and can be employed as promising therapeutic targets  [9,34–38]. This study is the first to 

evaluate the dynamic variation in the functional subsets of NK cells at early time points after the 

onset of sepsis and to compare several NKA parameters between surviving and fatal sepsis. 

Our study has the following limitations: (1) results from polymicrobial and intra-abdominal 

murine sepsis model by CLP might not be identical to sepsis caused by specific microorganisms in 

other infection sites and therefore could not be perfectly generalized to all situations of sepsis 

syndrome despite the beneficial roles of NK cells in Escherichia coli and S. pyogenes sepsis; (2) because 

the experiments did not measure all types of extremely diverse NKRs and various pro-/anti-

inflammatory cytokines as well as not investigate the interactions of the NKRs to the host ligand, it 

might be not possible to perfectly uncover complex implications of NKA on sepsis lethality; (3) there 

might not be consensus in defining the comprehensive functions of NK cells with the expression of 

CD11b/CD27, some NKRs or GzmB. 

Regardless of the animal model, we exhaustively induced sepsis by distinguishing between 

MGS and HGS and elaborately analyzing NK subpopulations and NKRs present in various immune 

organs and PB. Because it is difficult to objectively recognize the onset of sepsis when the patient is 

admitted to the hospital, we could not compare the dynamics over time. Unlike clinical settings, 

animal sepsis models can evaluate dynamic NKA according to the exact time point after sepsis 

occurrence. 

In conclusion, the upregulation of inhibitory NKRs and downregulation of activating NKRs 

continued, and the cytotoxic capacity of total NK cells was significantly suppressed in fatal sepsis. 

Ongoing research on the association between NK cell function and sepsis fatality originating from 

various pathogens and sites may help provide alternatives to refractory sepsis treatment without 

direct drugs and discover new prognostic biomarkers for the initial awareness of patients requiring 

strong countermeasures. 

4. Materials and Methods 

4.1. Polymicrobial Sepsis Model in Mice 

Murine experimental procedures were approved by the Institutional Animal Care and Use 

Committee of the Yonsei University College of Medicine (Approval No. 2020-0076). The intra-

abdominal polymicrobial sepsis was induced using CLP [39]. The male C57BL/6 mice aged 8 to 10 

weeks (Junbiotech Inc., Gyeonggi-do, South Korea) were randomly divided into three groups: (1) 

sham control (N = 28), (2) mid-grade sepsis (MGS) with 30–40% survival (N = 45), and (3) high-grade 

sepsis (HGS) with 100% lethality a week after CLP (N = 45) (Figure S3). The cecum in MGS was 

ligated at half the distance between the distal pole and the base of the cecum (immediately below the 

ileocecal valve), and the proximal 75% of the entire cecum was ligated in HGS. The midway point in 

the ligated cecum was perforated by single-hole through-and-through puncture with a 21-gauge 
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needle three times from the mesenteric toward the antimesenteric direction and then gently 

compressed to extrude a small amount of feces [39]. The sham group was operated identically except 

for ligation and punctuation. All mice were subcutaneously administered pre-warmed normal saline 

and tramadol (Aju Pharm Co., Ltd., Seoul, South Korea). 

Live mice (27 after seven days in the sham group; nine each after one, three, and seven days in 

the MGS group; and nine each after one or three days in the HGS group) were euthanized with CO2. 

Because all the mice died within one week of HGS, no samples were obtained after seven days. After 

blood collection, the mice were transcardially perfused with ice-cold phosphate-buffered saline (PBS) 

to remove intravascular blood cells, and the bone, lymph node (LN), spleen, and liver were harvested 

with aseptic handling. 

4.2. Isolation of Mononuclear Cells from the Blood, Bone Marrow, LN, Liver, and Spleen 

Whole peripheral blood (PB) was collected by cardiac puncture, and supernatant plasma (200 

µL) after immediate centrifugation was stored at −80°C until the enzyme-linked immunosorbent 

assay was performed. Bone marrow (BM) cells were obtained from the femur and tibia. A 

microcentrifuge tube with a hole at the bottom containing small pieces of bone epiphysis was placed 

inside another tube filled with ice-cold PBS and 2% fetal bovine serum. The nested tubes were 

centrifuged for 3 min, and the flushed BM cell suspension was passed through the 70-µm nylon mesh 

(Falcon® Cell Strainers, Corning Inc., NY, USA) to remove tissue debris [40]. 

The axillary/inguinal LNs, spleen, and liver were mashed with the 200-µm nylon mesh and 

pestles. Cell suspensions from the crushed pieces were passed through a 70-µm nylon mesh. The 

pelleted cells were resuspended in 40% isotonic PercollTM PLUS (GE Healthcare Biosciences AB, 

Uppsala, Sweden), and the suspension was layered on 70% PercollTM PLUS and then centrifuged for 

30 min. Mononuclear cells in the interlayer were collected using a syringe and washed [22,41]. 

Live cells isolated from PB, BM, LNs, spleen, and liver were resuspended in RBC lysis buffer 

(BioLegend Inc., San Diego, CA, USA) and incubated on ice. After centrifugation, the pellet was 

repeatedly washed with ice-cold PBS until erythrocytes were visually depleted. All types of cells were 

checked as mononuclear cells through the mean diameter (5–8 µm) measurements using the cell 

viability analyzer (Cellometer® Auto 2000, Nexcelom Bioscience, Lawrence, MA, USA), and then 

fixed in 4% paraformaldehyde (BioLegend). The mononuclear cells were cryopreserved at −80°C in 

90% fetal bovine serum (Welgene Inc., Gyeongsangbuk-do, South Korea) with 10% dimethyl 

sulfoxide for flow cytometry. 

4.3. Flow Cytometry Analyses 

The cryopreserved cells were resuspended in PBS and incubated with a fluorochrome-

conjugated monoclonal antibodies cocktail (Table 1) in 100 µL of stain buffer (BD Biosciences, San 

Jose, CA, USA) at 4°C for 30 min in the dark. Flow cytometry experiments were performed on the BD 

LSRFortessa™ X-20 (BD Biosciences), and results were analyzed using FlowJoTM software (version 

10.10, Ashland, OR, USA). The gating strategy was implemented as follows: (1) identification of the 

total NK population defined as NK-1.1 (CD161)+ and CD3- among lymphocytes, (2) 

compartmentalization of NK cell subsets in accordance with the fluorescent intensities (low or high) 

of CD11b (integrin α-M or Mac-1) and CD27, corresponding to CD16 and CD56 in humans, 

respectively [30–32,42,43], and (3) measurement of NKR expression in total NK cells for lymphocyte 

antigen (Ly)-49D (killer cell C-type lectin-like receptor [KLRA]-4) or Ly-49H (KLRA-8) and Ly-49C/I 

(KLRA-3/9) or Ly-49G2 (KLRA-7) corresponding to activating and inhibitory NKR, respectively 

(Figure S4) [44–48]. Individual isotype controls for all monoclonal antibodies were used to exclude 

nonspecific antigen-antibody binding. Flow cytometry measurements were repeated three times for 

each sample. 
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Table 1. Fluorochrome-conjugated monoclonal antibodies used for flow cytometry. 

Category 
Fluoroch

rome 
Clone Cat. No. Supplies 

Monoclonal antibodies     

Mouse anti-mouse NK-1.1 (CD161) PE-Cy7 PK136 552878 BD  

Hamster anti-mouse CD3 epsilon BV510 145-2C11 563024 BD 

Rat anti-mouse CD11b (Ly-40) BV786 M1/70 740861 BD 

Hamster anti-mouse CD27 BB700 LG.3A10 742135 BD 

Mouse anti-mouse Ly-49C  

and Ly-49I 
PE 5E6 553277 BD 

Rat anti-mouse Ly-49D APC eBio4E5 (4E5) 17-5782-82 Invitrogen 

Rat anti-mouse Ly-49G2 BV421 4D11 742879 BD 

Mouse anti-mouse Ly-49H FITC 3D10 562536 BD 

Isotype controls     

Mouse C3H x BALB/c IgG2a, κ PE-Cy7 G155-178 557907 BD 

Armenian hamster IgG1, κ BV510 A19-3 563197 BD 

Rat DA/HA IgG2b, κ BV786 R35-38 563334 BD 

Armenian hamster IgG1, κ BB700 A19-3 566421 BD 

Mouse 129/SvJ IgG2a, κ PE G155-178 553457 BD 

Rat/IgG2a, κ APC eBR2a 17-4321-81 BD 

Rat Fischer, CDF IgG2a, κ BV421 R35-95 562602 BD 

Mouse BALB/c IgG1, κ FITC X40 349041 BD 

Abbreviations: APC, allophycocyanin; BB, BD Horizon Brilliant Blue; BV, BD Horizon BrilliantTM Violet; Cat., 

catalog; Cy, cyanine; FITC, fluorescein isothiocyanate; Ig, immunoglobulin; Ly, lymphocyte antigen; PE, 

phycoerythrin. 

4.4. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) 

All tissues were homogenized using the grinder (KIMBLE® KONTES® Dounce, DWK Life 

Sciences, NJ, USA). Total RNA from tissues, PB, and BM was immediately extracted using the 

guanidinium thiocyanate-phenol-chloroform extraction method (TRIzol®, Invitrogen, Thermo Fisher 

Scientific, MA, USA). Reverse transcription was performed using a RevertAidTM First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific). The RT-PCR was implemented with a LightCycler® 480 

SYBR Green I Master qPCR mix kit (Roche Life Science, Penzberg, Germany) on LightCycler® 480 

system (Roche Life Science) at 95°C for 5 min followed by 45 cycles at 95°C for 10 s and 60°C for 30 s. 

Forward and reverse primers for NK-1.1, Ly-49C, Ly-49D, Ly-49G2, Ly-49H, granzyme B, and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed by Cosmo Genetech, Inc. 

(Seoul, South Korea) (Table 2). The quantitation of the messenger RNA (mRNA) expression was 

determined using the comparative method (2−ΔΔCt) with the normalization of a housekeeping gene 

(GAPDH). RT-PCR was performed twice for each sample, and the average values were used in the 

final analysis. 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 May 2025 doi:10.20944/preprints202505.0076.v1

https://doi.org/10.20944/preprints202505.0076.v1


 14 

 

Table 2. Primers used for real-time polymerase chain reaction. 

Genes 

Sequence (5′  3′) 

Forward Reverse 

NK-1.1 GACACAGCAAGTATCTACCTCGG TCAGAGCCAACCTGTGTGAACG 

Ly-49C GAGAACAGGACAGATGGGACAG GCAGTTCGCTTTACATCCACTCC 

Ly-49D AGATGAGGCTCAAGGAGACACG TGTCATAAGCACTGCAACAGTTAC 

Ly-49H GAATCCTCTGTTCCCTTCGGCT GCAGTTATGGCGGTGGTTGAGA 

Ly-49G2 CACAAAAGACCCATCTCCAAGGC GCAGGTCTGTTTACATCCACTCC 

Granzyme B ACTTTCGATCAAGGATCAGCA GGCCCCCAAAGTGACATTTAT 

GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG 

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; Ly, lymphocyte antigen; NK, natural 

killer. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Figure S1: Comparisons of NK-1.1 (CD161) mRNA expression according to sepsis 

lethality and the time elapsed after the induction of sepsis in peripheral blood, bone marrow cells, and lymphoid 

tissues; Figure S2: Changes in the number of cells expressing inhibitory or activating NK receptors in various 

tissues and the bone marrow; Figure S3: Survival curve of mice that underwent mild- or high-grade cecal ligation 

and puncture operation and sham procedure; Figure S4: Gating strategy for identifying NK cells and CD11b- or 

CD27-single positive NK subpopulations and determination of the number of cells expressing NK receptors on 

the surface. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

BM 

CD 

Bone marrow 

Cluster of differentiation 

CLP Cecal ligation and puncture 

HGS 

GAPDH  

High-grade sepsis  

Glyceraldehyde 3-phosphate dehydrogenase 
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Ig 

IFN-γ 

IL 

LN 

MGS 

NK 

NKA 

NKR 

PB 

Immunoglobulin 

Interferon-γ 

Interleukin 

Lymph node 

Mid-grade sepsis 

Natural killer 

Natural killer cell activity 

Natural killer cell receptor 

Peripheral blood 
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