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Background: Sepsis continues to be a leading cause of 
death in infants and children. Natural killer (NK) cells serve as a 
bridge between innate and adaptive immunity, yet their role in 
pediatric sepsis has not been well characterized.
Methods: We tested the hypothesis that decreased NK cell 
cytotoxicity is a common feature of pediatric systemic inflam-
matory response syndrome (SIRS)/sepsis patients by measur-
ing, using flow cytometry, NK cell cytotoxicity and cell surface 
phenotype in the peripheral blood of 38 pediatric intensive 
care patients who demonstrated signs and symptoms of SIRS 
and/or sepsis.
results: NK cell cytotoxicity was significantly reduced in 
peripheral blood mononuclear cells (PBMCs) of pediatric SIRS/
sepsis patients as compared with healthy controls, and the 
percentage of CD56dim CD16+ cytotoxic NK cells in PBMCs 
was lower in patients with SIRS/sepsis than in normal donors. 
However, on a per cell basis, CD56dim CD16+ NK cells in patients 
mediated cytotoxicity as well as those in normal donors.
conclusion: The NK cell dysfunction in pediatric SIRS/sep-
sis patients reflects a quantitative rather than a qualitative dif-
ference from healthy controls.

sepsis continues to be a leading cause of mortality in chil-
dren, with >40,000 cases of severe sepsis annually in the 

United States and millions worldwide; half of the children 
with severe sepsis in the United States are infants (1). Despite 
extensive research, our understanding of the mechanisms of 
the pathophysiology of sepsis remains poor (2), and we under-
stand the role of the innate immune system even less. One cell 
type, the natural killer (NK) cell, may serve as a bridge between 
the innate and adaptive immune system, yet its role in pediat-
ric sepsis has not been well described.

NK cells are small, bone marrow–derived granular lympho-
cytes that have the “natural” ability to kill abnormal targets such 
as virally-infected host cells or tumor cells, without prior sensiti-
zation (3). NK cells are believed to be important for the control of 
chronic viral infections and to play a role in tumor surveillance 

through direct cytolysis and the secretion of cytokines. Newer 
data suggest that NK cells may also have an immunoregulatory 
role, and they may exhibit a form of acquired immune memory 
(4). By flow cytometry, using forward scatter and side scatter, 
human NK cells are found in the lymphocyte gate, are negative 
for CD3 (as opposed to T cells and NKT cells), and are positive 
for either CD56 (neural cell adhesion marker) or CD16 (low-
affinity Fc-γ receptor III). Among NK cells, CD56bright CD16neg 
(cytokine-producing) NK cells are less cytotoxic and produce 
more cytokines, whereas CD56dim CD16+ (cytotoxic) NK cells 
are more cytotoxic and produce fewer cytokines (5). A highly 
dysfunctional population of NK cells (CD56neg CD16+) has been 
described in chronic viral infections, although the role of these 
cells is not yet clear (6–8).

Deficiencies in NK cell functions have been described in 
many disease processes such as trauma and burns (9), and 
rheumatologic conditions such as juvenile rheumatoid arthri-
tis (JRA) and systemic JRA (10,11). There are also data sug-
gesting that NK cytotoxicity is reduced in adult (12) and neo-
natal (13) sepsis, although no mechanism for the deficiency 
has been described, and no such data exist for the pediatric 
population. We, therefore, investigated the frequency of NK 
cell subsets and NK activity in the peripheral blood of pedi-
atric systemic inflammatory response syndrome (SIRS)/sepsis 
patients using flow cytometry–based assays.

RESULTS
Patient and Control Populations
We performed a prospective observational study of patients 
admitted to our pediatric intensive care unit (PICU) with 
signs and symptoms of SIRS or sepsis (14). In an attempt to 
enroll patients early in their disease course, and because the 
distinction between SIRS and sepsis is made only by the even-
tual identification of an infectious agent, we chose to enroll 
patients with symptoms of SIRS. NK cell number, cell surface 
phenotype, and cytotoxicity against NK-susceptible K562 tar-
get cells were serially determined (whenever feasible) for each 
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patient (as often as twice weekly) while the patient remained 
in the PICU and was equipped with a vascular access catheter. 
A total of 38 pediatric SIRS/sepsis patients were consented and 
enrolled between June 2010 and June 2011. Twenty-six patients 
had only a single sample draw, whereas seven patients donated 
three or more samples. Only values (lytic units, percentages) 
from the initial blood draw were used for comparison with 
controls. As is typically the case in pediatric studies, pediatric 
control patients were difficult to recruit. Furthermore, find-
ing relatively “healthy” pediatric control patients in the PICU 
setting was especially difficult. However, blood samples from 
two pediatric control patients who were admitted to the PICU 
without sepsis or multiple organ failure, but who had vascular 
access catheters, were included. In lieu of additional pediatric 
control patients, blood samples from 15 healthy adult control 
patients were collected, prepared, and analyzed concurrently 
with the patient samples.

Our cohort of patients was very heterogeneous and was a rep-
resentative cross-section of the pediatric intensive care SIRS/
sepsis population (Table 1). An infectious agent was found 
in the majority of our patients (81.6%), and of these patients, 
bacterial infections were the most common type of pathogen, 
followed by viruses and fungi. The most common pathogen 
causing disease in our patients was respiratory syncytial virus, 

a common finding in PICUs. Two respiratory virus pathogens, 
respiratory syncytial virus and influenza B, were found in one 
patient (patient 83), hence the number discrepancy in Table 1. 
Even though the Children’s Hospital of Pittsburgh PICU does 
admit and care for a large number of solid organ transplant 
patients, only two of these patients were enrolled in our study, 
and therefore they did not contribute significantly to our out-
comes. Similar to other studies, children with chronic illness 
accounted for approximately half of our sample cohort (1). The 
majority of our patients had some degree of organ failure asso-
ciated with their SIRS/sepsis event: 84.2% of our patients had 
severe sepsis, and 52.6% of our patients progressed to multiple 
organ dysfunction syndrome. Two of the patients (patients 
41 and 90) did not survive their PICU admission: patient 41 
died of fungus-associated pulmonary hemorrhage; and patient 
90 had severe acute respiratory distress syndrome associated 
with respiratory syncytial virus and secondary infection with 
Staphylococcus aureus, and had an intracerebral hemorrhage 
on extracorporeal membrane oxygenation.

NK Cell Cytotoxicity
The spontaneous cytotoxicity of NK cells in peripheral blood 
mononuclear cells (PBMCs) was assayed using a 3-h flow 
cytometry-based assay (Figure 1a,b). NK cytotoxicity was 
reduced in PBMCs of virtually all of the pediatric SIRS/sepsis 
patients relative to controls. In several patients, the measured 
cytotoxicity was below the limit of detection (%cytotoxicity – 
%spontaneous death = negative number), and the lytic activi-
ties were assigned values of zero (0 lytic units). Initial NK cell 
cytotoxicity was significantly reduced in pediatric SIRS/sepsis 
patients as compared with healthy adult controls (20.7 ± 5.89 
vs. 108 ± 25.1 LU20/107 PBMCs, P < 0.0001, Figure 1b). Two 
healthy pediatric control patients had NK cell cytotoxicity 
that compared well with healthy adult controls (180 ± 68.1, 
Figure 1b). Only two pediatric SIRS/sepsis patients (patients 
65 and 79) had initial NK lytic activity (198 and 80.0 LU20/107 
PBMCs, respectively) that compared to that of the healthy con-
trol patients. Patient 65 had SIRS from toxic shock syndrome 
and was only briefly admitted to the PICU, and patient 79 had 
severe sepsis from a gastric perforation. The rest of the pedi-
atric SIRS/sepsis patients had markedly reduced lytic activity 
(<50 LU20/107 PBMCs).

Frequency and Numbers of NK Cells in PBMCs
The low levels of NK cytotoxicity seen in the patients’ PBMCs 
could be due to poor cell function or to decreased numbers 
of NK cells present. NK cells are typically classified by surface 
expression of CD56 and/or CD16, with CD56dim CD16+ cells 
considered as being strongly cytotoxic and weak cytokine pro-
ducers whereas CD56bright CD16neg NK cells are weakly cyto-
toxic but strong cytokine producers (5). Another subpopula-
tion of NK cells, CD56neg CD16+, has also been described in 
viral disease processes such as hepatitis C, HIV, and hantavi-
rus, and may be dysfunctional (15–17). Pediatric SIRS/sepsis 
patients did not have any significant change in the proportion of 
CD56bright CD16neg NK cells within total NK cells (Figure 2a,b). 

table 1. Demographic characteristics of the pediatric SIRS/sepsis 
patients

Age (y) 4 (1.75–11)a

Primary infection found (%) 31/38 (81.6%)

 Bacterial 20/31 (64.5%)

 Viral 9/31 (29.0%)

 Fungal 2/31 (6.45%)

Pathogen

 RSV 6/38 (15.8%)

 Escherichia coli 4/38 (10.5%)

 Influenza A 2/38 (5.3%)

 Influenza B 2/38 (5.3%)

History of solid organ transplant 2/38 (5.3%)

History of chronic illness 17/38 (44.7%)

Mortality 2/38 (5.3%)

Fibrinogen (mg/dl) 304 (242–411)a

White blood cell counts (cells/µl) 9.2 (4.33–13.8)a

ALC (cells/µl) 1.6 (0.48–2.12)

Ferritin (microgram/l) 330 (130–665)

Type of SIRS/sepsis

 SIRS 5/38 (13.2%)

 Sepsis 1/38 (2.6%)

 Severe sepsis 32/38 (84.2%)

Multiple organ dysfunction syndrome 20/38 (52.6%)

ALC, absolute lymphocyte counts; RSV, respiratory syncytial virus; SIRS, systemic 
inflammatory response syndrome.
aValues expressed as median (25th and 75th percentiles).
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However, patients did seem to have a skewing of their CD16+ 
NK population in that they demonstrated a significant decrease 
in the proportion of CD56dim CD16+ cytotoxic NK cells 
(55.0 ± 3.52 vs. 74.8 ± 2.88%, pediatric SIRS/sepsis patients vs. 
healthy adult controls, P < 0.005) and an increase, although not 
significant (P < 0.06), in the proportion of CD56neg CD16+ NK 
population (33.7 ± 3.83 vs. 17.9 ± 3.05%, P < 0.06). The abso-
lute number of CD56dim CD16+ NK cells was also significantly 
reduced (46.8 ± 10.8 vs. 71.0 ± 11.3 × 103 CD56dim CD16+ cells/
ml, P < 0.05), whereas there was no increase in the absolute 
number of CD56neg CD16+ cells (16.1 ± 3.90 vs. 22.3 ± 7.76 × 103 
CD56neg CD16+ cells/ml, Figure 2c). Therefore, there was not 
so much a skewing of the CD16+ population as there was a loss 
of CD56dim CD16+ cells in the peripheral blood. Our healthy 
pediatric control patients had NK subpopulation frequencies 
and numbers that were similar to those of healthy adult con-
trols (Figure 2c).

The presumably dysfunctional population of CD56neg CD16+ 
cells has been infrequently described; therefore, we performed 
additional cell surface and intracellular staining to show they 
had properties of NK cells. The CD56neg CD16+ cells were 
found in the lymphocyte gate by forward scatter and side 
scatter, were negative for CD3 (T cells), CD14 (monocytes), 
and CD19 (B cells), and had comparable expression of NK 
cell markers, including CD2, CD7, CD11b, CD62L, NKG2A, 
NKp30, NKp46, and intracellular perforin, as the CD56bright 
CD16neg and CD56dim CD16+ NK populations. We could find 
no pattern of difference of NK activation receptor or killer 
inhibitory receptor expression between patients’ and control 
NK cells.

Quality of Cytotoxic NK Cells
We attempted to determine whether the reduced cytolytic 
activity in PBMCs of pediatric SIRS/sepsis patients was due 
to the quality of the NK cells or just the reduced frequency. 
Using flow cytometry without purifying NK cells, we were able 
to determine the frequency of cytotoxic CD56dim CD16+ NK 
cells in patients’ PBMCs. The percentage of these cytolytic NK 

cells was significantly reduced in pediatric SIRS/sepsis patients 
relative to healthy controls (4.25 ± 0.564 vs. 1.66 ± 0.342%, P < 
0.001, Figure 3a). When the NK cell cytotoxicity was adjusted 
to account only for the percentage of CD56dim CD16+ cytotoxic 
NK cells in PBMCs, no difference in cytotoxicity between the 
patients and the controls was evident: 32.6 ± 16.5 vs. 27.9 ± 8.29 
LU20/105 CD56dim CD16+ NK cells (Figure 3b). These data are 
consistent with the conclusion that it is the low frequency of 
CD56dim CD16+ NK cells in the peripheral blood of pediat-
ric SIRS/sepsis patients and not cellular dysfunction that is 
responsible for the observed low levels of cytolytic activity.

DISCUSSION
Whereas NK cytotoxicity deficiencies have been reported 
in adult and neonatal sepsis, this is the first report to show 
that the same deficiency occurs in pediatric SIRS/sepsis 
patients, and furthermore, we found that the mechanism of 
the deficiency is not a qualitative one but a quantitative defi-
cit of peripheral blood cytotoxic CD56dim CD16+ NK cells. 
Pediatric SIRS/sepsis can now be added to the list of disease 
processes that are characterized by low/absent NK activity 
as measured by the basic NK cytotoxicity assay. By measur-
ing both the percentage of cytotoxic NK cells in each sample 
and its cytotoxicity, we were able to show that the cytotoxic 
deficiency in pediatric SIRS/sepsis patients is due to the low 
frequency of cytotoxic NK cells and presumably not to any 
cellular defects in cytotoxicity. Ideally, qualitative differences 
in cytotoxicity could have been measured by isolating NK 
cells prior to the cytotoxicity assay; however, this was not 
feasible in our study due to the low numbers of NK cells in 
pediatric SIRS/sepsis patients.

The quantitative cytotoxic deficiency seems to be in large 
part due to the reduced frequency of NK cells in the periph-
eral blood of pediatric SIRS/sepsis patients. Peripheral white 
blood cell counts in pediatric sepsis can either be increased or 
decreased, but there is generally an increase in absolute neu-
trophil counts with or without a left shift or bandemia. This 
neutrophilia is accompanied by stable or reduced absolute 

Figure 1. Absolute natural killer (NK) cytotoxicity is reduced in pediatric systemic inflammatory response syndrome (SIRS)/sepsis patients. Carboxy-
fluorescein succinimidyl ester (CFSE)-labeled K562 targets cells were incubated for 3 h at 37 °C with ficoll-separated PBMCs then stained with 7-AAD 
to quantify dead/dying CFSE-labeled K562 targets. Representative FACS plots of the flow cytometric cytotoxicity assay: (a) spontaneous cell death, (b) 
pediatric SIRS/sepsis patient, (c) healthy adult control. The numbers represent the frequency (%) of 7-AAD+ (dying) cells of CFSE-labeled K562 cells. The 
cytolytic activity of peripheral blood NK cells is expressed as lytic units per 107 PBMCs of pediatric SIRS/sepsis patients (solid circles), healthy pediatric 
controls (open circles), and healthy adult controls (open squares). (d) Statistical significance was determined by Wilcoxon’s rank-sum tests (*P < 0.0001). 
7-AAD, 7-aminoactinomycin D; FACS, fluorescence-activated cell sorting; PBMC, peripheral blood mononuclear cell.
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lymphocyte counts, which lead to a relative decreased per-
centage of peripherally circulating lymphocytes and there-
fore a decreased frequency of NK cells of PBMCs. Our 
results also raise the possibility that quantitative rather than 

qualitative deficiencies in NK cells may be at the heart of 
other disease processes, such as rheumatologic conditions, 
burns, and trauma, in which NK activity has been shown to 
be low/absent. Further studies are warranted to address this 
possibility.

Within the NK cell population, we showed a significant 
reduction in the proportion and absolute number of cyto-
toxic CD56dim CD16+ NK cells. There could be several expla-
nations for this observation: (i) the cytotoxic NK cells may 
have migrated out of peripheral blood to the site of infec-
tion or to lymph nodes, (ii) the cytotoxic NK cells may be 
undergoing apoptosis at an increased rate, and (iii) the cyto-
toxic NK cells may be being skewed toward a dysfunctional, 
highly activated CD56neg CD16+ phenotype as this temporal 
phenomenon has been described in patients with HIV (7). 
The significance of the increased proportion of the dysfunc-
tional CD56neg CD16+ NK cell population is unclear and 
may simply reflect a stable population of CD56neg CD16+ NK 
cells (numerator) being divided by a smaller denominator 
because of the loss of cytotoxic CD56dim CD16+ NK cells. In 
our patients, generally, the frequency of this dysfunctional 
NK subset was highest early in the PICU admission/study 
and gradually declined over time (data not shown). However, 
a few patients had steady or increasing frequency of the dys-
functional NK subset over time, and several patients had 

Figure 2. Natural killer (NK) cells from pediatric systemic inflammatory response syndrome (SIRS)/sepsis patients have a skewed cell surface pheno-
type. Representative FACS plots showing cell surface staining of NK cells for CD56 and CD16 on NK cells from (a) a pediatric SIRS/sepsis patient and (b) 
a healthy adult control patient where the numbers adjacent to the gates represent the frequency (%) of the different NK cell populations. NK cells were 
initially defined by gating on lymphocytes by forward scatter (FSC) and side scatter (SSC), then gating on CD3 negative lymphocytes. The frequency 
of the different NK cell populations: (c) CD56bright CD16neg, (d) CD56dim CD16+, and (e) CD56neg CD16+ of all NK cells in pediatric SIRS/sepsis patients 
(solid circles), healthy pediatric controls (open circles), and healthy adult controls (open squares). (d) Pediatric SIRS/sepsis patients (solid circles) have a 
decreased proportion of cytotoxic CD56dim CD16+ NK cells (55.0 ± 3.52 vs. 74.8 ± 2.88%, pediatric SIRS/sepsis patients vs. healthy adult controls, *P < 0.005) 
as compared with adult controls (open squares) and an (e) increased, but not significant, proportion of CD56neg CD16+ NK cells as compared to pediatric 
controls. (f) When analyzing the absolute numbers of NK cells in peripheral blood, only the number of cytotoxic CD56dim CD16+ NK cells (46.8 ± 10.8 vs. 
71.0 ± 11.3 × 103 CD56dim CD16+ cells/ml, **P < 0.05) is reduced, (g) while the number of CD56neg CD16+ NK cells was not significantly different between 
groups. FACS, fluorescence-activated cell sorting.
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decreased in frequency but have normal cytotoxic function. (a) The 
frequency of cytotoxic CD56dim CD16+ NK cells of PBMCs is greatly reduced 
in pediatric SIRS/sepsis patients (solid circles) as compared with the adult 
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cytotoxic CD56dim CD16+ NK cells (LU20/105 CD56dim CD16+ NK cells). (b) On 
a per cell basis, the cytotoxic NK cells from pediatric SIRS/sepsis patients 
(solid circles) had similar cytotoxicity as compared with the pediatric 
controls (open circles) or adult controls (open squares). PBMC, peripheral 
blood mononuclear cell; SIRS, systemic inflammatory response syndrome.
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extremely high percentages (>50% of NK cells) of the dys-
functional CD56neg CD16+ subset, although the patients did 
not share any other laboratory or clinical findings. Further 
research is needed to elucidate the nature of this NK subset 
population.

We chose to examine the final product of NK cytotoxicity, 
target cell death, as the marker of NK cell function. NK cel-
lular cytotoxicity is a granule-dependent exocytic process. 
Exocytosis is a fundamental cellular process that is composed 
of many steps, including polarization, docking, priming, and 
fusion. Through granule-dependent exocytosis, NK cells are 
able to deliver its various cytotoxic proteins, including perfo-
rin, granzymes, granulysin and other lysosomal enzymes, to the 
target cell. Ultimately, defects in any of the steps, or absence of 
key proteins, can lead to dysfunctional cellular cytotoxicity (18) 
and can result in familial hemophagocytic lymphohistiocytosis 
(FHL) or other syndromes in which hemophagocytic lympho-
histiocytosis can be seen. To date, the underlying genetic defect 
of FHL has been described for four loci, whereas other syn-
dromes have also been shown to have defects of the exocytosis 
process. Lysosomal trafficking regulator, whose defect causes 
Chediak-Higashi syndrome, and adaptor protein 3 are involved 
in polarization: the transport of proteins from the Golgi to 
cytotoxic granules. Other proteins such as Rab27a (Griscelli 
syndrome type 2), syntaxin 11 (FHL4), Munc13-4 (FHL3), and 
Munc18-2 (FHL5) are involved in the regulation of granule 
docking and membrane fusion and can be identified by varying 
degrees of defective CD107a (LAMP-1) staining, also known as 
the degranulation assay, which estimates cellular cytotoxicity. 
Whereas the exact mechanism of perforin is controversial, the 
absence of intracytoplasmic staining of perforin (PRF1 muta-
tions) can identify patients with FHL2 (19). Functional assays, 
including CD107a mobilization, intracellular cytokine produc-
tion, and intracytoplasmic perforin staining, can be combined 
to help differentiate the subtypes of FHL (20,21).

There were several limitations of our study. Many of our 
patients had NK activity that was below the limit of detection 
of our assay (the measure cytotoxicity was lower than the 
spontaneous death of target cells). This is not a limitation of 
the flow cytometric assay as compared with the 51Cr-release 
assay. In fact, it is our experience that the flow cytometric 
assay has a better dynamic range than the 51Cr-release assay. 
Another limitation of our study is the low number of pedi-
atric control patients. Whereas we had hoped to enroll more 
pediatric control patients, we did not wish to contaminate 
our control population with patients who had recently been 
stressed, such as postoperative patients and patients in the 
recovery phase after illness. Given that our healthy pediatric 
control NK activities were comparable with those of healthy 
adult controls, we are confident in our data. Other studies 
have used historic controls for their comparison groups. We 
feel that this is not appropriate because the NK activity assay, 
being a functional cellular assay, is highly dependent on the 
health of the target cells, which can change over time, and 
therefore concurrent measurement of controls and samples 
is necessary.

METHODS
Patients
Pediatric patients were eligible for enrollment when the following 
criteria were fulfilled: (i) admission to the PICU, (ii) presence of an 
indwelling catheter for sample collection, and (iii) presence of clini-
cal signs and symptoms of sepsis and/or SIRS (14). The study was 
approved by the University of Pittsburgh Institutional Review Board 
(IRB no. PRO09060070), and blood samples were collected during 
the acute phase of the syndrome after obtaining informed consent 
from parents or guardians.

Sample Preparation
Blood samples from pediatric SIRS/sepsis patients were collected in 
sodium heparin tubes. PBMCs were separated by density centrifu-
gation (Ficoll-Paque Plus, density 1.077 g/ml; GE Healthcare Bio-
Sciences AB, Uppsala, Sweden). Cells were resuspended in Aim-V 
medium (Gibco Products, Grand Island, NY). All cell counts were 
performed using a Z1 Coulter Particle Counter (Beckman Coulter, 
Fullerton, CA) after red blood cell lysis with Zap-O-Globin II Lytic 
Reagent (Beckman Coulter).

Control Subjects
Blood samples from healthy adult controls were similarly collected in 
sodium heparin tubes, PBMCs were separated by density centrifuga-
tion, and samples were analyzed in parallel with samples from pediat-
ric SIRS/sepsis patients. To control for age variability, we were able to 
enroll two pediatric control patients (2-mo-old female, 7-y-old male) 
who fulfilled criteria i and ii above but did not exhibit any signs or 
symptoms of SIRS/sepsis.

Cell Surface Flow Cytometric Analysis
PBMCs were surface stained with the following antibody fluoro-
chrome combinations: CD16-fluorescein isothiocyanate, CD3-
phycoerythrin/Texas red (ECD), and CD56-phycoerythrin/Cy5 (PE-
Cy5). The FL2 channel, using the phycoerythrin fluorochrome, was 
used for additional analysis of multiple cell surface markers, includ-
ing CD2, CD7, CD14, CD19, NKG2A, killer inhibitory receptors, 
NKG2D, NKp30, NKp46, and CD94. Cells were stained and washed 
in phosphate-buffered saline with 3% heat-inactivated fetal bovine 
serum and 0.01% sodium azide. Cell staining was performed at 4 °C 
for 20 min with a volume of 20 μl per stain. Cells were washed once 
and fixed with 1% paraformaldehyde. All flow cytometry data were 
acquired on a 4-color Epics XL (Beckman Coulter) flow cytometer. 
For cell surface phenotype determination, a minimum of 100,000 
events were acquired and analyzed using FlowJo 9.3.1 software 
(TreeStar, Mountain View, CA).

Intracellular Staining
For analysis of intracellular perforin, unstimulated cells were first 
surface stained as described above and then the cells were fixed and 
permeabilized using eBioscience Fixation & Permeabilization buf-
fers (eBioscience, San Diego, CA). Cells were stained for intracellu-
lar perforin with anti–perforin-phycoerythrin (Beckman Coulter) 
for 15 min at 4 °C. Cells were washed using Permeabilization buffer 
and fixed with 1% (wt/vol) paraformaldehyde in phosphate-buffered 
saline. For intracellular phenotype determination, a minimum of 
100,000 events were acquired.

NK Cytotoxicity Assay
NK cell cytotoxicity was performed as previously described (22), 
with subtle modifications, in the Clinical Laboratory Improvement 
Amendments–certified University of Pittsburgh Cancer Institute 
Immunologic Monitoring and Cellular Products Laboratory. 
Whereas the laboratory performs the 51Cr-release cytotoxicity assay, 
we chose to use the fluorochrome-based flow cytometry cytotoxic-
ity assay instead because we have found it to be more sensitive and 
safer because no radiation is used. The modified flow cytometry cyto-
toxicity assay was validated against the 51Cr-release assay prior to the 
enrollment of pediatric patients. In brief, target cells (K562 cells) were 
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washed with serum-free phosphate-buffered saline and then stained 
with carboxy-fluorescein succinimidyl ester (CFSE) at a concentra-
tion of 2 μmol/l for 5 min. The reaction was stopped by the addition 
of 1 ml of heat-inactivated fetal bovine serum. The cells were washed 
with phosphate-buffered saline and resuspended in AIM-V media 
(Invitrogen, Carlsbad, CA) to give a concentration of 0.5 × 106 cells/
ml. Target cells (5 × 105 cells) were mixed with varying numbers of 
PBMCs to give varying effector to target (E:T) ratios in 12 × 75 mm 
polypropylene round-bottom tubes for 3 h at 37 °C. At the end of the 
incubation period, 7-aminoactinomycin D (7-AAD; Invitrogen) was 
added to the tubes at a final concentration of 1 μg/ml. Events (mini-
mum 5,000 events) were acquired on a 4-color Epics XL flow cytom-
eter and analyzed using FlowJo software (TreeStar). Percentage of 
target cell death equaled the percentage of 7AAD+/CFSE+ cells of total 
CFSE+ cells (Figure 1a). Spontaneous K562 cell death as measured by 
7-AAD positivity was typically 3–6%.

% Cytotoxicity (of a given E:T ratio) = % target cell death  
(of a given E:T ratio) – % spontaneous cell death.

Because often the percentage lysis and E:T ratio relationship is not 
linear (lysis often reaches a maximum at high E:T ratios) (23), we 
used a computer program (David Coggin, 1991) that fits cytotoxicity 
data to the exponential curve:

y = A × (1 – e(–kx))

In this equation, A equals 1 (curve maximum, maximum cell death 
being 100%), k is the slope of the exponential equation, y is 0.2 (20% 
target cell lysis), and x is the number of PBMCs. The resulting lytic unit 
(LU20/107 PBMCs) is the reciprocal of the number of PBMCs required 
to cause 20% lysis of 50,000 K562 target cells. However, because the 
definition of a lytic unit is based on the number of effectors needed for 
death of 20% target cells in 51Cr-release assays, and because the flow 
cytometry-based assay uses 10-fold more targets than the 51Cr-release 
assay (50,000 vs. 5,000 K562 cells), a 10-fold correction factor has been 
added so that the results of the flow assay are comparable with those 
of the 51Cr-release assay. The lytic unit calculation was taken one step 
further to account for the percentage of cytotoxic (CD56dim CD16+) 
NK cells present in PBMCs: the lytic unit value (LU20/107 PBMCs) was 
divided by the frequency (percentage) of CD56dim CD16+ of PBMCs to 
calculate the LU20/105 CD56dim CD16+ NK cells.

Statistics
All cytotoxicity data in lytic units were expressed as mean values ± 
SEM. Results were compared using the Wilcoxon’s rank-sum test 
because the data were not normally distributed. All statistical analyses 
were performed using JMP 8.0 for Mac OS X software (SAS Institute, 
Cary, NC). Results were considered significant when P < 0.05.
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