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Introduction: Neutrophil plays a more and more important role in sepsis

with paralysis of immunoregulation. Till now, there was no biomarker to

identify and isolate the mature and immature neutrophils in sepsis patients.

CD10 shows on mature neutrophils at the latest stages of its differentiation.

Our study aimed to investigate whether CD10 was a valid biomarker for

distinguishing immature and mature neutrophil subgroups under septic

conditions and their immunoregulatory effects on lymphocytes.

Methods: Totally 80 healthy volunteers and 107 sepsis patients were

recruited in this study. Fluorescence-conjugated anti-CD66b, and anti-

CD10 monoclonal antibodies followed by incubation with specific anti-

fluorochrome microbeads was used to isolate different subgroups of

neutrophils. T cell apoptotic assays and T cell proliferation assays followed by

flow cytometry analysis were used to evaluate the immunoregulatory effect

of each subgroup of neutrophils.

Results: (1) The cytological morphology of CD10+ neutrophils was mature

and that of CD10− neutrophils was immature in sepsis patients. (2) Mature

CD10+ neutrophils inhibited the proliferation of T cell and immature CD10−

neutrophils promoted the T cell proliferation.

Conclusion: (1) CD10 was a good biomarker to distinguish mature from

immature neutrophils in sepsis patients. (2) Mature CD10+ and immature

CD10− neutrophils displayed opposite immunoregulatory effects on T cells

in sepsis patients.
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1. Introduction

Sepsis is a life-threatening disease caused by infection which
leads to an imbalance in the immune response, with damage of
tissue and organ (1–3). Sepsis is worldwide and seriously affects
human health. According to the reports, the annual incidence
of sepsis is 31 million people of the whole world (4, 5). Sepsis
and its sequelae remain consistently high in all age groups, even
under appropriate antibiotics and resuscitation, with the global
mortality rate is as high as 17%, and sepsis is listed on the top
10 causes of death in the world (2). So far, the problem of sepsis
and septic shock has not been overcome by medical doctors and
scholars around the world, which consumes a large amount of
medical manpower, material resources and financial cost (6).
The United States spends nearly $20 billion per year on sepsis
and septic shock (7).

Although the level of inflammatory mediators in sepsis
patients is high, certain components of the immune system
are strongly inhibited (8, 9). Some scholars have described
sepsis as an immunosuppressive disease or immune paralysis
(5, 8). In sepsis, lymphocyte dysfunction occurs, and the loss
of lymphocyte function is associated with mortality in sepsis,
other adverse outcomes, and reduced resistance to secondary
infection. The mechanism of lymphocyte suppression in sepsis
is not fully understood (8, 10).

In the past two decades, scholars have been studying more
and more on the role of neutrophils in the regulation of immune
responses. Many studies have found that sepsis can lead to
neutrophil dysfunction at the site of infection and therefore to
an imbalance of the immune response (11). They also found
that in the blood of patients with autoimmune diseases (12–
14) or cancers (15–17), there were different neutrophil-like
subgroups that exhibit immunosuppressive or proinflammatory
functions (8). Some of these neutrophil subgroups sink to
the peripheral blood mononuclear cell layer after density
gradient centrifugation of the peripheral blood, known as
low density neutrophil (LDN). Immunosuppressive LDN is
found in peripheral blood of patients with cancer, HIV-infected
patients, and patients who have received the transplantation
of organ (18, 19). Immunosuppressive neutrophil subgroups
are also found in normal density neutrophil (NDN) (8,
12). In contrast, LDN in patients with autoimmune diseases
such as systemic lupus erythematosus and psoriasis exhibit
proinflammatory functions (8, 20, 21). But so far, no scholars
have studied the immunoregulatory properties of LDN and
NDN in sepsis patients.

A uniform and accurate description of the neutrophil
isolation and identification method is the key to gaining
a better understanding of neutrophil biological properties.
Neutrophils in the pathological environment are composed of
a mixed population of activated neutrophils and neutrophil
heterogeneity at different stages of differentiation (17, 22). The
expression of both CD11b and CD16 is often used to determine

the maturation status of neutrophils, but it is not always reliable
as they can vary variably upon activation or during neutrophil
maturation (22–25). Therefore, it is necessary to identify
more specific markers that allow accurate identification, rapid
isolation, and functional characterization of mature neutrophils
and detectable immature neutrophil subgroups in disease states.

CD10, also known as the common acute lymphoblastic
leukemia antigen, specifically shows on mature neutrophils at
the latest stages of its differentiation (8, 23–25). Therefore,
this study will investigate whether CD10 can represent a valid
marker for distinguishing mature neutrophil subgroups from
immature neutrophil subgroups in LND and NDN under septic
conditions; if so, we will continue to use CD10 to isolate and
purify mature and immature neutrophils subgroups in sepsis
patients’ LDN and NDN, and to study its immunomodulatory
effects on lymphocytes.

2. Materials and methods

This was a prospective and controlled study. This study
was approved by the ethics committee of the Second Hospital
of Dalian Medical University and clinical trials registration
number was ChiCTR-ROC-17013165.

2.1. Study participants

Totally 80 healthy volunteers and 121 sepsis patients were
recruited from July, 2017 to February, 2020. All the sepsis
patients were recruited from ICU, emergency ICU, emergency
department, neurosurgery department, respiratory department,
and gastrointestinal department.

2.1.1. Sepsis patients
The definition of sepsis is infection + SOFA (sequential

organ failure assess, Table 1) ≥2, and bacterial infection was
confirmed by bacterial culture with corresponding bacteria, or
by classic symptoms of infection such as erysipelas. The sources
of infection were from blood, sputum, specimen from surgery,
and urine tube. Non-bacterial infection was defined as negative
results of blood culture or virus infection. Patients under
18 years old, with tumor or leukemia, immunosuppressive or
immunopromotive treatment, history of organ transplantation,
refusal of consent were excluded.

2.1.2. Healthy volunteers
Totally 40 male and 40 female healthy volunteers were

recruited.

2.1.2.1. Inclusion criteria

(1) Age ≥ 18 years old;
(2) Body weight≥ 50 kg, body mass index (BMI) between 19–

26 kg/m2;
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TABLE 1 Sequential organ failure assess.

System Variable 0 1 2 3 4

Respiration PaO2/FiO2 (mmHg) >400 ≤400 ≤300 ≤200 ≤100

Respiratory support yes yes

Coagulation Platelets (109/L) >150 ≤150 ≤100 ≤50 ≤20

Liver Bilirubin (µmol/L) <20 20–32 33–101 102–204 >204

Cardiovascular MAP ≥70 <70

Dopamine (ug/kg/min) ≤5 or >5 or >15 or

Epinephrine (ug/kg/min) ≤0.1 or >0.1 or

Norepinephrine (ug/kg/min) ≤0.1 or >0.1 or

Dobutamine (yes/no) Yes (any dose)

Central nervous system Glasgow coma score 15 13–14 10–12 6–9 <6

Renal Creatinine (µmol/L) <110 110–170 171–299 300–440 >440

Urine output (ml) 201–500 <200

(3) Agreed to draw peripheral venous blood once during the
whole study period, totally 2 ml;

(4) Subjects voluntarily signed the informed consent form;
(5) The subject held the physical examination report

within 1 month.

2.1.2.2. Exclusion criteria

(1) Suffering from serious cardiovascular and cerebrovascular
diseases, kidney diseases, and liver diseases;

(2) Tumor;
(3) Patients with mental disorders;
(4) Drinking, smoking, and drug abuse;
(5) Take sedatives, analgesics, and psychotropic drugs for a

long time;
(6) Pregnant and lactating women;
(7) Receive immunosuppressive or immunopromotive

therapy.

2.2. Methods

2.2.1. Cell isolation
2.2.1.1. Isolation of lymphocytes

After diluting 2 ml of fresh anticoagulant blood of healthy
volunteer with equal volume of phosphate buffered saline (PBS,
TBD, China), carefully spread the diluted blood sample over
the liquid level of 3 ml lymphocyte separating solution (TBD,
China) in a 15 ml centrifuge tube. Then put the tube into
the centrifuge tube with 400 g for 30–40 min at 20◦C. After
centrifugation, the cells in the centrifuge tube were divided into
four layers from top to bottom: The first layer was the plasma
layer, the second layer was the annular milky white lymphocytes,
the third layer was the transparent separating liquid layer, and
the fourth layer was the red cell layer. Carefully sucked the
second layer of cells into another centrifuge tube, and mixed it

with three times the volume of PBS solution, then centrifuged
the mixture 100 g for 10 min, and discarded the supernatant.
Resuspended the target cells with 0.5 ml of the corresponding
liquid required for subsequent experiments.

2.2.1.2. Isolation of CD66b+CD10+/−-LDN/NDN

Mononuclear cells and granulocytes were isolated by density
gradient centrifugation (Ficoll–Paque, GE Healthcare Life
Sciences). In a 15 ml centrifuge tube, added 2 ml peripheral
blood sample from healthy volunteers/sepsis patients on the
surface of 5 ml of human peripheral blood neutrophil separator
(TBD, China). Then put them in the centrifuge for 30 min with
550 g. There were two layers of uniform milky white thin layers
in the centrifuge tube. The upper layer was monocytes layer
which contained LDN and the lower layer was NDN.

Isolation of CD66b+CD10+/−-LDN in previous upper
layer and CD66b+CD10+/−-NDN in lower layer, respectively,
were performed by incubation with fluorescence-conjugated
anti-CD66b, and anti-CD10 monoclonal antibodies (mAbs),
followed by incubation with specific anti-fluorochrome
microbeads (Miltenyi Biotec, German) according to the
protocol of manufactures. As determined by flow cytometry,
Cell purity of all sorted populations was always 98%.

2.2.2. Cell morphology
After purification by magnetic bead selection,

CD66b+CD10+/−-neutrophil populations were stained by
Reich Giemsa staining. Leica DFC 300FX Digital Color Camera
on a Leica DM 6,000 B microscope at a 40× magnification was
used to take picture. Both a pathologist and a hematologist, who
were blinded to this study and cell samples, were assigned to
identify the mature and immature neutrophil within at least 200
cells per slide of CD66b+CD10+/−-LDN/NDN.

The criteria of neutrophil morphology are as following: (1)
Promyelocytes are characterized by a slightly often eccentrically
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indented nucleus in a blue cytoplasm; (2) myelocytes are
characterized by a round or oval nucleus in a light blue
cytoplasm; (3) metamyelocytes are characterized by a kidney-
shaped nucleus in a pink cytoplasm; (4) band cells are smaller
with a characteristic horseshoe-shaped nucleus of uniform
thickness; and (5) mature neutrophils have a segmented nucleus
typically characterized by 2–5 lobes separated by narrow
filamentous bridge as illustrated in Figures 3B, 4B.

2.2.3. Flow cytometry analysis
2.2.3.1. Flow cytometry analysis for peripheral blood in
healthy volunteers or sepsis patients

Added 100 µl peripheral anticoagulant blood in healthy
volunteer or sepsis patient into the tube with following anti-
human fluorochrome-conjugated mAbs or specific isotype
controls: PE mouse anti-human CD66b (Biolegend, USA), PE-
Cy7 mouse anti-human CD10 (Biolegend, USA), PE mouse
IgG1κ isotype control (Biolegend, USA), PE-Cy7 mouse IgG1κ

isotype control (Biolegend, USA), PerCP-vio700 mouse IgG1

Isotype (Miltenyi, German), and APC mouse IgG1κ isotype
control (Biolegend, USA) 10 µl, respectively. After intubating
for 15 min in the dark room at room temperature, 500 µl
RBC Lysis Buffer (Macs, German) was added into the tube. The
mixture was centrifuged with 2,000 rpm for 5 min after another
intubating for 15 min in the dark room at room temperature,
then removed the supernatant and added 500 µl PBS fluid
into the precipitate to resuspend cells which was analyzed by
eight-color three-laser-MACSQuant Analyzer (Miltenyi Biotec,
German) while data analysis was performed by using FlowJo
software (Tree Star, USA).

2.2.3.2. Flow cytometry analysis for
CD66b+CD10+/−-LDN/NDN in healthy volunteers or
sepsis patients

After different neutrophil subgroups were obtained from
step 2.2.1.2, typically 1 × 105 cell/50 µl and the following
anti-human fluorochrome-conjugated mAbs or specific isotype
controls: CD66b (Biolegend, USA), PE-Cy7 mouse anti-human
CD10 (Biolegend, USA), PerCP-vio700 mouse anti-human
CD11b (Miltenyi, German), APC mouse anti-human CD16
(Biolegend, USA), PE mouse IgG1κ isotype control (Biolegend,
USA), PE-Cy7 mouse IgG1κ isotype control (Biolegend, USA),
PerCP-vio700 mouse IgG1 Isotype (Miltenyi, German), and
APC mouse IgG1κ isotype control (Biolegend, USA) 10 µl,
respectively were intubated for 15 min in the dark room at
room temperature, 500 µl RBC Lysis Buffer (Macs, German)
was added into the tube. The mixture was centrifuged with
2,000 rpm for 5 min after another intubating for 15 min
in the dark room at room temperature, then removed the
supernatant and added 500 µl PBS fluid into the precipitate to
resuspend cells which was analyzed by eight-color three-laser-
MACSQuant Analyzer (Miltenyi Biotec, German) while data
analysis performed using FlowJo software (Tree Star, USA).

2.2.4. Stimulation of neutrophils
Neutrophil populations of CD66b+CD10+/−-LDN/NDN

in healthy volunteers or sepsis patients were suspended at
5 × 106 cell/ml in RPMI 1,640 complete medium and pre-
incubated with or without 2.5 ng/ml phorbol myristate acetate
(PMA, Sigma, USA) for 30 min after purification by magnetic
bead selection immediately.

2.2.5. T cell apoptotic assays
T cell apoptotic assays were performed to qualify the

apoptosis of T cell (CD4+ or CD8+) by flow cytometry to
investigate the capacity of different neutrophil subgroups to
regulate the apoptosis of T cell with Annexin V-FITC/PI
Apoptosis Kit (Thermofisher, USA).

2.2.6. T cell proliferation assays
CFSE dilution assays (CellTraceTM CFSE Cell Proliferation

Kit, Life Technologies, USA) was performed to qualify the T cell
(CD4+ or CD8+) proliferation by flow cytometry to investigate
the capacity of neutrophils to suppress the responses of T
cells which were pre-activated for 24 h with anti-CD3/CD28
mAbs, and then cultured in the absence or the presence of
neutrophils for additional 72 h without specific T cell stimuli.
The percentages of proliferating CD4+- or CD8+-T cells
(expressed as CFSE- cells) were calculated from the total viable
CD4+- or CD8+-T cells. All the T cells which were co-cultured
with CD66b+CD10+/−-LDNs/NDNs neutrophil populations in
sepsis patients or healthy volunteers were the same batch. The
next steps were followed by the instruction of CellTraceTM

CFSE Cell Proliferation Kit. Both neutrophils and T cells were
cocultured in the 0.4 µm-pore size transwell (Corning, USA)
with neutrophils on the top and T cells at the bottom of it.

2.3. Statistics

An unpaired two-tailed Mann–Whitney test (for
comparison between two groups) or a 1-way ANOVA with
Dunnett’s post-test (when multiple comparisons to control
group were made) was used to perform the comparison of
variables. P-values of less than 0.05 were considered significant
and asterisks indicate significant increases: ∗P < 0.05;
∗∗P ≤ 0.01; and ∗∗∗P ≤ 0.001. GraphPad Prism Version
5 software (GraphPad Software, Inc., USA) was used to
elaborating graphs. Flow chart was made by Flowjo V10.0.7
(Tree Star, USA).

3. Results

3.1. Patient characteristics

From July 2017 to December 2019, totally 80 healthy
volunteers and 121 sepsis patients were recruited in this study.
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five patients’ families refused to participate the study, two sepsis
patients withdraw the study after signing the informed consent
form, and seven sepsis patients stopped treatment and left the
hospital after taking blood samples. Therefore, totally 107 sepsis
patients finally participated in the study.

Demographic characteristics of healthy volunteers and
sepsis patients were listed in the Table 2.

3.2. Cell morphology of
CD66b+CD10+-NDN in healthy
volunteers and
CD66b+CD10+/−-LDN/NDN in sepsis
patients

The frequency of both CD66b+-LDN and CD66b+CD10−-
NDN in healthy volunteers was rare, which was almost 0 [0.05%
(0–0.1%)], so we could not get any cell in these two populations.

In the populations of CD66b+CD10+-NDN in healthy
volunteers, CD66b+CD10+-LDN/NDN in sepsis patients, the
cell morphology was segmented cells with 2–4 lobulated
nucleus, which were mature neutrophils. While in the

TABLE 2 Demographic characteristics of healthy volunteers and
sepsis patients.

Sepsis
patients

Healthy
volunteers

P-value

Number 107 80 –

Male:female 49:58 40:40 0.8

Age (years) 43 (18–65) 49 (18–64) 0.3

BMI (kg/m2) 23.8 (20.1–25.9) 23.5 (19.9–25.8) 0.7

Main diagnosis

Intestinal obstruction 24 – –

Gastrointestinal perforation 21 – –

Pancreatitis 17 – –

Cholangiogenic shock 5 – –

Pneumonia 21 – –

Compound trauma 2 – –

Myocardial infarction 14 – –

Uremia 2 – –

Sites of infection

Abdominal cavity 72 – –

Respiratory system 37 – –

Hematogenous infection 1 – –

Multiple infections 2 – –

Severity

SOFA 5 (2–10) – –

Data were shown as number (minimum, maximum).

population of CD66b+CD10−-LDN in sepsis patients, the
cell morphology was myelocytes (24 ± 5%), metamyelocytes
(64 ± 12%), and band cells (12 ± 6%); and the cell
morphology was metamyelocytes (12 ± 4%) and band
cells (88 ± 7%) in the population of CD66b+CD10−-NDN
(Figure 1).

3.3. Frequency and proportion of
CD66b+CD10+and CD66b+CD10− in
the peripheral blood of healthy
volunteers and sepsis patients

The proportion of CD66b+CD10+ in the peripheral blood
of healthy volunteers is 99.6± 0.4%, and that of CD66b+CD10−

was 0.4± 0.2% (Figure 2A); The proportion of CD66b+CD10+

in the peripheral blood of sepsis patients was 90.2 ± 13.5%, and
the proportion of CD66b+CD10− was 10.3± 3.9% (Figure 2A),
which was significantly different from that of healthy volunteers
(P < 0.001) (Figure 2B).

3.4. Frequency and
phenotypic/morphologic
characterization of
CD66b+CD10+/−-LDN in healthy
volunteers and sepsis patients

The frequency of CD66b+-LDN in healthy volunteers was
rare, which was almost 0 [0.05% (0–0.1%)] (Figure 3A). The
frequency of CD66b+-LDN in sepsis patients was 10.2 ± 3.4%,
of which the frequency of CD66b+CD10+ was 62 ± 7%
with the cell morphology was segmented cells and expression
of CD16brightCD11bbright (Figure 3B). The proportion of
CD66b+CD10− in CD66b+-LDN in sepsis patients was
38 ± 6%, with the cell morphology was myelocytes (24 ± 5%),
metamyelocytes (64 ± 12%), and band cells (12 ± 6%), while
the expression was also CD16brightCD11bbright (Figure 3B).
The difference between the frequency of CD66b+CD10+-LDN
and CD66b+CD10−-LDN in sepsis patients was significant
(P < 0.001) (Figure 3C).

3.5. Frequency and
phenotypic/morphologic
characterization of
CD66b+CD10+/−-NDN in healthy
volunteers and sepsis patients

The frequency of CD66b+CD10+-NDN in healthy
volunteers was 99.9 ± 0.1% with segmented cells of 2–4
lobulated nucleus, which was mature neutrophils and expression
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FIGURE 1

Cell morphology of CD66b+CD10+-NDN in healthy volunteers and CD66b+CD10+-LDN/NDN in sepsis patients.

of CD16 and CD11b was homogeneous, CD16brightCD11bbright;
and the frequency of CD66b+CD10−-NDN was 0.1 ± 0.08%
(Figure 4A).

The frequency of CD66b+CD10+-NDN in sepsis patients
was 85 ± 8%, with the cell morphology of segmented cells
and heterogeneous expression of CD16 and CD11b including
CD16brightCD11bbright and CD16dimCD11bbright; while the
frequency of CD66b+CD10−-NDN was 13 ± 3%, with the
cell morphology of metamyelocytes (12 ± 4%) and band
cells (88 ± 7%) and heterogeneous expression of CD16 and
CD11b including CD16dimCD11bbright and CD16dimCD11bdim

(Figure 4B).
The frequencies of CD66b+CD10+-NDN and

CD66b+CD10−-NDN in healthy volunteers and
sepsis patients were significantly different (P < 0.001)
(Figure 4C).

3.6. CD66b+CD10+-NDN in healthy
volunteers,
CD66b+CD10+/−-NDN/LDN in sepsis
patients did not inhibit or enhance
lymphocyte apoptosis

After lymphocytes in healthy volunteers were co-
cultured with or without different populations of neutrophils
including CD66b+CD10+-NDN in healthy volunteers and
CD66b+CD10+/−-LDN/NDN in sepsis patients for 24 h, flow
cytometry was used to detect the proportion of lymphocytes

apoptosis (Figure 5A). There was no statistical difference in
the proportion of lymphocytes apoptosis among the six groups,
P > 0.05 (Figure 5B).

3.7. The immunoregulatory properties
of CD66b+CD10+-NDN in healthy
volunteers and
CD66b+CD10+/−-NDN/LDN in sepsis
patients

Neutrophils of CD66b+CD10+-NDN in healthy volunteers
had little effect on lymphocyte proliferation, and the percentage
of CD4+ and CD8+ lymphocytes proliferation were 25.2± 3.7%
and 26± 5.3%, respectively, with no significant difference when
compared with the positive control group (23.2 ± 5.6% and
28 ± 6.4% respectively, P > 0.05), which was stimulated by
CD3/CD28 (Figures 6, 7).

When co-cultured with neutrophils of CD66b+CD10+/−-
NDN and CD66b+CD10+-LDN in sepsis patients, the
percentages of CD4+ and CD8+ lymphocytes proliferation
were significantly lower than that in control group (3.2 ± 1.4%,
4.3 ± 2.1%, 3.5 ± 1.8% and 2.8 ± 1.7%, 3.1 ± 2.0%, 3.9 ± 2.2%,
respectively) (P < 0.001), which means CD66b+CD10+/−-
NDN and CD66b+CD10+-LDN in sepsis patients inhibited
lymphocyte proliferation. While the percentage of CD4+

and CD8+ lymphocytes proliferation when co-cultured with
CD66b+CD10−- LDN in sepsis patients were much higher than
that in positive controlled group (41.2 ± 6.7% and 48.7 ± 9.4%,
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FIGURE 2

(A) Proportion of CD66b+CD10+ and CD66b+CD10− of peripheral blood in healthy volunteers (80 cases) and sepsis patients (107 cases).
Representative fluorescence-activated cell sorter (FACS) plots displaying CD66b and CD10 expression in peripheral blood in healthy volunteers.
(B) Frequency of CD66b+CD10+ and CD66b+CD10− of peripheral blood in healthy volunteers (80 cases) and sepsis patients (107 cases). Graph
values indicate medians from independent experiments. Each symbol stands for a single healthy volunteer or sepsis patient. ***P < 0.001, by
the Mann–Whitney U-test.

respectively, P < 0.001), which means that CD66b+CD10−-
LDN in sepsis patients could promote the proliferation of
CD4 + and D8 + lymphocytes (Figures 6, 7).

4. Discussion

This was the first study to use CD10 to isolate and
identify mature and immature neutrophils in LDN and NDN
in sepsis patients, and also the first study to investigate
the immunoregulatory function of mature and immature
neutrophils in LDN and NDN in sepsis patients.

Previous studies showed that there was heterogeneity in the
expression of CD antibody on the surface of neutrophils in the

peripheral blood of sepsis patients and most previous studies
used CD16 and CD11b to distinguish whether neutrophils were
mature or not. Some researchers reported that in the case
of cancer (20, 26), HIV-1 infection (27), pregnancy (28), and
granulocyte colony-stimulating factor (G-CSF) (8), it might
be difficult to distinguish mature neutrophils in immature
ones by CD16 and CD11b and no scholar has studied the
homogeneity and heterogeneity of NDN and LDN subgroups
in sepsis patients (17, 22, 29–31). Marni et al. reported that
CD10 was better than CD16 and CD11b in identifying and
isolating mature neutrophils in G-CSF treatment donors with
down-regulation of CD16 (8). The results of this study showed
that in the LDN and NDN in sepsis patients, the cytological
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FIGURE 3

(A) Flow cytometry chart of CD66b+CD10+-LDN in healthy
people. (B) Flow cytometry and cytological morphology of
CD66b+CD10+/−-LDN in sepsis patients. *Represents the
mature neutrophils with a segmented nucleus typically
characterized by of 2–5 lobes; ×represents bend cell which
were similar with a characteristics horseshoe-shaped nucleus of
uniform thickness; +represents metamyelocytes;

⊙
represents

myelocytes. (C) The frequency of CD66b+CD10+-LDN and
CD66b+CD10−-LDN in sepsis patients with significant
difference between these two groups (P < 0.001), ***P < 0.001
by Wilcoxon test.

morphology of CD10+ was mature neutrophils (segmented
cells), while in the LDN and NDN of sepsis patients, the
cytological morphology of CD10− was immature neutrophils.
In this study, when we use CD16CD11b to distinguish whether
neutrophils are mature or not, NDN subgroup in healthy people
was homogeneous, while NDN and LDN subgroups in sepsis
patients were heterogeneous. But when we combined the cell
morphology of each subgroup, the results were quite different,
even contradictory. As shown in Figure 3B of this study, the
CD markers on the cell surface of the CD66b+CD10+-LDN
and CD66b+CD10−-LDN subgroup in sepsis patients were both

CD16brightCD11bbright, while the cell morphology of these two
subgroups were different with mature neutrophils (segmented
cells) in CD66b+CD10+-LDN and immature neutrophils (band
cells, metamyelocytes, and myelocytes) in CD66b+CD10−-LDN
group. Similar results were observed in the NDN subgroups of
sepsis patients. Therefore, we believed that CD10 only expressed
on mature neutrophils both in healthy volunteers and sepsis
patients, and using CD16CD11b to distinguish mature and
immature neutrophils in sepsis patients would cause errors. We
concluded that CD10 was a good biomarker for identifying and
separating mature and immature neutrophils in sepsis patients.

It has been proved that heterogeneous populations of
immature and mature neutrophils coexist in the peripheral
blood of patients with cancer, infection or autoimmune diseases,
even in donors treated with G-CSF (8). The presence of
immature granulocytes in peripheral blood provides important
information for the enhancement of bone marrow activity.
Such neutrophil heterogeneity results from systemic neutrophil
activation and/or “emergency hematopoiesis,” which means
the recruitment of bone marrow neutrophils increases, and
apoptosis decreases. The same results were obtained in
this study. There were no immature neutrophils in the
peripheral blood and CD66b+-NDN in healthy people, while
immature neutrophils appear in the peripheral blood, CD66b+-
LDN/NDN in sepsis patients, and the proportion of immature
neutrophils in sepsis patients was much higher than that
in healthy volunteers. Our previous study proved that the
frequency of CD66b+CD10− in peripheral blood was a good
biomarker to predict the bacterial infection in sepsis-suspected
patients (32).

Under the circumstance of inflammation, the buoyancy
properties of immature neutrophils might change and appear
in LDN after blood density gradient centrifugation (33, 34).
This was also consistent with the results of this study. In this
study, the cytological morphology of CD66b+CD10−-NDN in
sepsis patients was band cells (88 ± 7%) and metamyelocytes
(12 ± 4%), while cytological morphology of CD66b+CD10−-
LDN was band cells (12 ± 6%), metamyelocytes (64 ± 12%)
and myelocytes (24 ± 5%), which means although the
cytological phenotype of neutrophils in CD66b+CD10−-NDN
and CD66b+CD10−-LDN were all immature, the left shift of
nucleus was increased and led to the separating in the LDN after
blood density gradient centrifugation.

Some studies reported that neutrophils might inhibit
lymphocyte activity in some cases (35, 36). Wang et al.
used PD-L1+/− to differentiate neutrophils in septic mice
and co-cultured a neutrophil subpopulation of PD-L1+ with
monocytes in healthy mice, and the results showed that
this neutrophil subpopulation increased lymphocyte apoptosis
in healthy mice (37). While in our study, CD66b+CD10+-
NDN in healthy volunteers, CD66b+CD10+/−-LDN/NDN in
sepsis patients did not inhibit or enhance the apoptosis of
lymphocytes. The difference between these results came from
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FIGURE 4

(A) Flow cytometry and cytological morphology of CD66b+CD10+-NDN in healthy volunteers. *Represents the mature neutrophils with a
segmented nucleus typically characterized by of 2–5 lobes. (B) Flow cytometry and cytological morphology of CD66b+CD10+/−-NDN in sepsis
patients. *Represents the mature neutrophils with a segmented nucleus typically characterized by of 2–5 lobes; ×represents bend cell which
were similar with a characteristics horseshoe-shaped nucleus of uniform thickness. (C) The frequency of CD66b+CD10+/−-NDN in healthy
volunteers and sepsis patients. Significant difference existed between CD66b+CD10+-NDN in healthy volunteers and sepsis patients, and
CD66b+CD10−-NDN in healthy volunteers and sepsis patients (P < 0.001, respectively), ***P < 0.001 by Mann–Whitney U-test.
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FIGURE 5

(A) Flow cytometry chart of the effect of different neutrophil subsets on lymphocyte apoptosis in healthy volunteers. (B) Comparison of the
frequencies of apoptotic lymphocytes co-cultured with or without different neutrophil subsets. There was no significant difference among the
six groups (P > 0.05).

FIGURE 6

Flow cytometry chart of CD4+ and CD8+ lymphocyte proliferation. The first column of CD3/CD28 (–) represents the flow cytometry chart of
lymphocyte proliferation without CD3/CD28 antibody stimulation, as a negative control. The second column of CD3/CD28 (+) represents the
flow cytometry chart of lymphocyte proliferation stimulated by anti-CD3/CD28 antibody as a positive control. Columns 3–7 represent the flow
cytometry chart of lymphocyte proliferation after stimulation by anti-CD3/CD28 and co-culturing with different neutrophils in 1:1 ratio for 72 h.
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FIGURE 7

Histogram of the proliferation ratio of CD4+ and CD8+ lymphocytes. CD3/CD28 (–) represents the proportion of lymphocyte proliferation
without stimulation by CD3/CD28 antibody as a negative control. CD3/CD28 (+) represents the proportion of lymphocyte proliferation
stimulated by anti-CD3/CD28 antibody as a positive control. Columns 3–7 represent the lymphocyte proliferation ratio after stimulation by
anti-CD3/CD28 and co-culturing with different neutrophils in 1:1 ratio for 72 h. ***P < 0.001.

three aspects: First, the subjects were different. The subjects
of our study were human, while Wang’s subjects were mice;
Second, different markers were used for sorting neutrophil
subsets. CD10, which can distinguish mature neutrophils from
immature neutrophils, was used in this experiment, while PD-
L1 was used in Wang’s experiment, which could not clarify
the maturity of neutrophils; Third, the lymphocytes used in
Wang’s study are monocytes + lymphocytes from the spleen
of mice, while in our study lymphocytes I healthy volunteers
were used. In the experiment of Marini et al. CD10 was used
to isolate neutrophils from healthy human donors stimulated
by G-CSF (8). It was found that the NDN of the donor and
CD66b+CD10+-subgroup in LDN did not inhibit or enhance
lymphocyte apoptosis in healthy people and the result was
consistent with the results of ours.

In the T cell proliferation experiment, CD66b+CD10+-
NDN in healthy volunteers had no effect on lymphocyte
proliferation, CD66b+CD10+/−-NDN and CD66b+CD10+-
LDN in sepsis patients inhibited lymphocyte proliferation; on
the contrary, CD66b+CD10−-LDN in sepsis patients enhanced
lymphocyte proliferation. Previous studies mostly focused
on the neutrophils in NDN and few studies investigate the
properties of neutrophils in LDN (38, 39), and results were
consistent with ours, which was that the LDN and NDN of
neutrophils would inhibit the proliferation of lymphocytes.
But till now, there was no study was done to investigate
the immunoregulatory function of mature and immature
neutrophils of LDN and NDN. In our study, we found that
immature CD66b+CD10−-LDN in sepsis patients showed the
opposite behavior which was promoting the proliferation of
lymphocytes. This result was consistent with that of Marini’s
study (8).

In the study of Marini et al. the immature CD66b+CD10−-
LDN in healthy human donors stimulated by G-CSF showed
promotion of lymphocytes proliferation when co-cultured with
lymphocytes at a ratio of 5:1, and the ration in our study was 1:1.
Therefore, we supposed to conclude that the relative proportion

of mature and immature LDN in sepsis patients determines
the final type of immune regulation. This result might remind
the clinicians that the paralysis of immunoregulation was not
the only situation that existed in sepsis patients anymore,
and treatment should be adjusted according to the final
immunoregulatory function in the sepsis patients.

As immature neutrophils, CD66b+CD10−-NDN and
CD66b+CD10−-LDN played opposite immunoregulatory
function. This result was considered to be related to the
different cell composition of the two subsets. CD66b+CD10−-
LDN in sepsis patients was mainly composed of metamyelocytes
and myelocytes, while the CD66b+CD10−-NDN subgroup
in sepsis patients was mainly composed of band cells. Pillay
et al. showed that CD16dimCD62Lbright band cells could not
affect T cell proliferation (35), but Guerin et al. reported that
CD14−CD24+ immature neutrophils (possibly band cells)
isolated from LDNs of sepsis patients showed cytotoxicity to
lymphocytes (36), while Singhal et al. recently reported that
the CD66b+CD10− band cells derived from bone marrow
might produce promoting proliferation of lymphocytes (40). All
these controversial results might be explained by the different
methods of neutrophil isolation or the different composition of
the immature neutrophil population. Therefore, it is necessary
to define the specific immunomodulatory properties of band
cells and other immature neutrophils.

From the results we got in our study, we concluded that:
(1) CD10 is a good biomarker to distinguish mature and
immature neutrophils in sepsis patients. (2) CD66b+CD10+-
NDN in healthy volunteers, CD66b+CD10+/−-NDN/LDN
in septic patients had no inhibitory or potentiating effects
on lymphocyte apoptosis. (3) CD66b+CD10+/−-NDN and
CD66b+CD10+-LDN in sepsis patients inhibited lymphocyte
proliferation, while in contrast, CD66b+CD10−-LDN from
sepsis patients promotes lymphocyte proliferation.
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In the future study, we would investigate the mechanism of
opposite immunoregulatory function these different neutrophil
subgroups in sepsis patients.
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