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Summary

Type 1 diabetes (T1D) results from autoimmune destruction of insulin-
producing beta cells in pancreatic islets. Various immune cell populations 
are involved in disease development and natural course. However, to our 
knowledge, so far there are no comprehensive comparative investigations 
of all main immune cell populations and their most important subsets at 
the onset of disease. Therefore, in the current study, we analyzed 51 pe-
ripheral blood immune cell populations in 22 young T1D patients and 
in 25 age-matched controls using a comprehensive polychromatic flow 
cytometry panel developed for whole blood by the COST Action no. BM0907 
ENTIRE (European Network for Translational Immunology Research and 
Education: From Immunomonitoring to Personalized Immunotherapy) 
consortium. We found that in T1D patients, frequencies and absolute 
counts of natural killer (NK) cells, dendritic cells (DC) and T cells, as 
well as their respective subsets, were significantly altered compared to 
controls. Further, we observed that changes in several cell populations 
(e.g. CD14+CD16+ non-classical monocytes, plasmablasts) were dependent 
on the age of the patient. In addition to age-related changes, we also 
found that alterations in immune cell patterns were associated with pa-
rameters such as the presence of ketoacidosis and C-peptide serum levels. 
Our study provides a foundation for future studies investigating different 
cell lineages and their role in T1D and illustrates the value of polychro-
matic flow cytometry for evaluating all main peripheral immune cells and 
their subsets in whole blood samples.
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Introduction

Type 1 diabetes (T1D) is an immune-mediated multi-
factorial disease characterized by the destruction of insulin-
producing beta cells in pancreatic islets, which results in 
almost complete insulin deficit. T1D is one of the most 
common chronic diseases among children [1], and is 
caused by the interplay of environmental, immunological 
and genetic factors [2]. Among several environmental 
factors, enteroviruses have a potential role [3]. A major 
part in genetic susceptibility is determined by the human 
leukocyte antigen (HLA) class II, primarily by the HLA-DR/
DQ region-encoded determinants [4]. Among various 
important metabolic measures, blood C-peptide levels (a 
marker of the degree of pancreatic destruction) and 

diabetic ketoacidosis (DKA) are most critical in the char-
acterization of T1D.

Although T1D has been widely studied, disease immu-
nopathogenesis still remains not fully understood. Many 
studies suggest that the development of T1D is associated 
with changes in various blood immune cell types, both 
in innate and adaptive compartments [5–10]. Most such 
studies, however, have mainly examined selected immune 
cell subsets or only main immune cell populations without 
deeper analysis of their minor subsets. In the current 
study, we aimed to analyze a wide spectrum of funda-
mentally important peripheral blood immune cells at the 
same time with the approach to provide a comprehensive 
comparative overview of these cell subsets in T1D patients. 
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Thus, we examined the phenotypical characteristics of 
following cell populations and their subsets: T cells, T 
regulatory cells (Treg), B cells, natural killer (NK) cells, 
dendritic cells (DC) and monocytes (Table 1). In addi-
tion, we paid special attention to a subpopulation of 

6-sulfo LacNAc (slan)-expressing proinflammatory subset 
of myeloid DCs. This subpopulation has been studied in 
other autoimmune conditions where their important role 
has been shown [11,12], and they may also have a sub-
stantial function in the pathogenesis of T1D. In addition, 

Table 1. Marker combinations used for identification of cell subtypes in T cell, regulatory T cell (Treg), B cell, dendritic cell (DC), natural killer (NK) cell 
and monocyte compartments 

T cell panel Treg panel

CD3+ T cells CD3+ CD4+ T regulatory cells (Treg) CD3+CD4+CD25+CD127–

CD4+ T helper (Th) cells CD3+CD4+ Memory Treg CD3+CD4+CD25+CD127–CD45R0+CD194+

CD4+ naive Th cells CD3+CD4+CD45RA+CD197+ HLA–DR+ Treg CD3+CD4+CD25+CD127–CD45R0+CD194+HLA–

DR+

CD4+ TEMRA CD3+CD4+CD45RA+CD197– NK cell, DC and monocyte panel 
CD4+ effector memory 

(EM) Th cells
CD3+CD4+CD45RA–CD197– NK cells CD3–CD19–CD20–CD14–CD56+

EM Th1 CD3+CD4+CD45RA–CD197 
–CD183+CD196–

CD56++CD16– (CD56brightCD16–)  
regulatory NK cells

CD3–CD19–CD20–CD14–CD56++CD16–

EM Th2 CD3+CD4+CD45RA–CD197– 

CD183–CD196–

CD56++CD16+ (CD5brightCD16+) 
intermediate NK cells

CD3–CD19–CD20–CD14–CD56++CD16+

EM Th17 CD3+CD4+CD45RA–CD197–

CD183–CD196+

CD56+CD16– (CD56dimCD16–) 
NK

CD3–CD19–CD20–CD14–CD56+CD16–

CD4+ central memory 
(CM) Th cells

CD3+CD4+CD45RA–CD197+ CD56+CD16+ (CD56dimCD16+) 
effector NK cells

CD3–CD19–CD20–CD14–CD56+CD16+

CM Th1 CD3+CD4+CD45RA–CD197+ 

CD183+CD196–

Dendritic cells (DC) CD3–CD19–CD20–CD14–CD56–HLA–DR+

CM Th2 CD3+CD4+CD45RA–CD197+ 

CD183–CD196–

Plasmacytoid DC CD3–CD19–CD20–CD14–CD56–HLA–DR+CD123+CD11c–

CM Th17 CD3+CD4+CD45RA–

CD197+CD183–CD196+

Myeloid DC (mDC) CD3–CD19–CD20–CD14–CD56–HLA–DR+CD123–

CD11c+

I activated CD4+ T cells CD4+HLA–DR+CD38– slan– CD16– mDC CD3–CD19–CD20–CD14–CD56–HLA–DR+ 

CD123–CD11c+slan–CD16–

II activated CD4+ T cells CD4+HLA–DR+CD38+ slan– CD16+ mDC CD3–CD19–CD20–CD14–CD56–HLA–DR+CD123–

CD11c+slan–CD16+

Non-activated CD4+ T 
cells

CD4+HLA–DR–CD38– slan+ CD16+ mDC CD3–CD19–CD20–CD14–CD56–HLA–DR+CD123–

CD11c+slan+CD16+

III activated CD4+ T cells CD4+HLA–DR–CD38+ Monocytes CD3–CD19–CD20–CD14+

CD8+ cytotoxic 
lymphocyte (CTL) T 
cells

CD3+CD8+ CD14+CD16– classical monocytes CD3–CD19–CD20–CD14+CD16–

CD8+ naive CTL CD3+CD8+CD45RA+CD197+ CD14+CD16+ non–classical 
monocytes

CD3–CD19–CD20–CD14+CD16+

CD8+ TEMRA CTL CD3+CD8+CD45RA+CD197– B cell panel
CD8+ EM CTL CD3+CD8+CD45RA–CD197– CD19+ B cells CD3–CD19+

CD8+ CM CTL CD3+CD8+CD45RA–CD197+ Switched memory B cells (SM B 
cell)

CD3–CD19+IgD–CD27+

I activated CD8+ T cells CD8+HLA–DR+CD38– Plasmablasts CD3–CD19+IgD–CD27+CD38+CD20–

II activated CD8+ T cells CD8+HLA–DR+CD38+ Preswitch memory B cells (PSM 
B cell)

CD3–CD19+IgD+CD27+

Non-activated CD8+ T 
cells

CD8+HLA–DR–CD38– Exhausted memory B cells CD3–CD19+IgD–CD27–

III activated CD8+ T cells CD8+HLA–DR–CD38+ Naive B cells CD3–CD19+IgD+CD27–

CD4+CD8+ double-
positive T cells

CD3+CD4+CD8+ Transitional B cells CD3–CD19+IgD+CD27–CD38+CD24+

CD4–CD8– double- 
negative T cells

CD3+CD4–CD8–    

TEMRA = T cell effector memory subset that expresses CD45RA; HLA-DR = human leukocyte antigen DR, slan = 6-sulfo LacNac.
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we analyzed whether the cell profile might be associated 
with clinical and age-related differences in T1D patients.

Materials and methods

Study population

We investigated 22 young recent-onset T1D patients (aged 
5·0–21·0 years, mean age  =  11·6 years, 13 female) and 
25 healthy individuals (aged 4·5–22·0 years, mean 
age  =  12·5, 13 female) (Table 2). Patients were recruited 
from the Tartu University Hospital from 2014 to 2017. 
Diagnosis of T1D was based on internationally accepted 
diagnostic criteria [13]. In all but one patient, venous 
blood samples were obtained 0–16  days following diag-
nosis, and all patients were on insulin treatment at the 
time of blood collection. Random C-peptide values of 
patients ranged from 0·1 nmol/l to 0·9 nmol/l; (mean = 0·3 
nmol/l; reference range  =  0·37–1·47 nmol/l). Because the 
natural history of T1D may depend on the age at onset 
of the studied individuals, we opted to divide patients 
into two groups: (1) patients aged under 11 years and 
(2) patients aged 11 years and older.

The control group consisted of non-diabetic volunteers 
and children who visited Tartu University Hospital with 
minor surgical problems. All controls had normal blood 
glucose or/and glycated hemoglobin (HbA1c). Glucose, HbA1c 
and C-peptide were measured by the United Laboratories 
of the Tartu University Hospital, according to their routine 
protocol. All patients and controls, or their parents and/or 
guardians if needed, signed a written consent form before 
participation. The study was approved by the Research Ethics 
Committee of the University of Tartu (Protocols 163/T-6 
from 24.09.2007 and 242/M-8 from 17.11.2014).

HLA class II status and diabetes-associated 
autoantibodies

HLA class II status and presence of diabetes-associated 
autoantibodies (AAB) were determined in all controls and 
T1D patients (Table 2).

HLA

HLA-DR/DQ genotypes were determined using polymerase 
chain reaction (PCR)-based lanthanide-labeled oligonu-
cleotide hybridization and time-resolved fluorometry, as 
described previously [4]. On the basis of HLA-DRB1–
DQA1–DQB1 haplotype combinations, six groups were 
formed: strongly increased, moderately increased, slightly 
increased, neutral, slightly decreased and strongly decreased 
risk for T1D development (Table 2).

Islet autoantibodies

Detection of islet AAB against 65-kDa glutamic acid 
decarboxylase (GAD), protein tyrosine phosphatase (IA-2), 
and zinc transporter 8 (ZnT8) was performed according 
to the manufacturer’s instructions using commercial 
enzyme-linked immunosorbent assay (ELISA) kits (RSR 
Ltd, Cardiff, UK). The following cut-off levels were used: 
≥5 U/ml for GADA; ≥15 U/ml for ZnT8A; and ≥15 U/
ml (until May 2015) or ≥7·5 U/ml (after May 2015) or 
for IA-2A. All tests had a specificity of 96–99% and sen-
sitivity of 64–86%, as confirmed by the Islet Autoantibody 
Standardization Program (IASP) in 2012 and 2015.

Polychromatic multi-parameter flow cytometry

Fresh heparinized whole blood was separated into100-μl 
aliquots for four staining panels: (1) T cells; (2) Treg cells; 
(3) B cells; and (4) DC, NK cells and monocytes. For 
all panels, blood was incubated with the appropriate 
fluorochrome-conjugated monoclonal antibodies for 30 
min at room temperature (RT) in the dark. After incuba-
tion, red blood cells were lysed using 2  ml ×1 BD Lysing 
Solution (BD Biosciences, San Jose, CA, USA). Prepared 
samples were stored at RT in the dark until analysis 
(within 6  h of preparation), and 300  000 events were 
recorded for each sample as a rule.

Table 2. Summarized characteristics of study participants

  Controls (n = 25)
T1D patients 
(n = 22)

Age (years) 12.5 (4.5–22.0)* 11.6 (5.0–21.0)*
Female (%) 52% (13/25) 59% (13/22)
Islet autoantibodies (AAB)
GADA 4% (1/25) 73% (16/22)
ZnT8A 0% (0/25) 64% (14/22)
IA2A 0% (0/25) 82% (18/22)
Positive for 1 AAB 4% (1/25) 23% (5/22)
Positive for 2 AAB 0% (0/25) 36% (8/22)
Positive for 3 AAB 0% (0/25) 41% (9/22)
Enterovirus (EV) antibodies
EV IgA 32% (8/23) 36% (8/22)
EV IgG 56% (14/23) 27% (6/22)
EV IgA/IgG 68% (17/23) 55% (12/22)
HLA genotypes
High risk 0% (0/25) 46% (10/22)
Moderately increased 

risk
0% (0/25) 18% (4/22)

Slightly increased risk 24% (6/25) 9% (2/22)
Neutral 36% (9/25) 18% (4/22)
Slightly decreased risk 40% (10/25) 9% (2/22)
Strongly decreased risk 0% (0/25) 0% (0/22)
Metabolic data
Ketoacidosis n.a. 32% (7/22)

Percentages or mean values and range from minimum to maximum 
(*). Ig = immunoglobulin; HLA = human leukocyte antigen; n.a. = not 
available; GADA  =  glutamic acid decarboxylase 65 autoantibody, 
IA-2A = protein tyrosine phophatase autoantibody, ZnT8A = zinc 
transporter 8 autoantibody .
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Flow cytometric immunophenotyping was performed on 
LSR Fortessa (BD Biosciences), and flow cytometry data 
were analyzed with FACS Diva software (BD Biosciences) 
according to the gating strategy (Fig. 1) from COST-ENTIRE 
HIP-C version 3.3 protocol. In total, 51 immune cell sub-
sets data were collected by staining panels, including the 
following main cell populations: (1) CD4+ T helper (Th), 
Th1, Th2, Th17, CD8+ cytotoxic T lymphocyte (CTL), 
naive, central memory (CM), effector memory (EM), effec-
tor memory RA (TEMRA – T cell effector memory subset 
that expresses CD45RA) and activated and non-activated 
CD4+ and CD8+ T cells; (2) Treg cells, memory Treg cells 
and activated HLA-DR+ Treg cells; (3) CD19+ B cells, naive 
B cells, transitional cells, preswitch memory B cells (PSM), 
class-switched memory B cells (SM), plasmablasts and 
exhausted memory B cells; (4) DC, plasmacytoid DC (pDC), 
myeloid  DCs (mDC), slan– CD16- mDC, slan– CD16+ 
mDC, slan+ CD16+ mDC, NK cells, CD56+CD16– NK, 
CD56++CD16– NK, CD56++CD16+ NK, CD56+CD16+ NK, 
monocytes and CD14+CD16– classical and CD14+CD16+ 
non-classical monocytes (Table 1).

Identification of the aforementioned subsets based on 
differential expression of cell surface markers shown in 
Tables 1 and 3. Table 3 also displays the list of fluoro-
chromes and antibody clones used. For the determination 
of absolute cell numbers, BD Multitest™ 6-color TBNK 
reagent (measures T, B and NK cells, as well as CD4 
and CD8 subpopulations of T cells; BD Biosciences) and 
TruCount tubes (BD Biosciences), that consist of the 
known number of beads, were used. An absolute number 
of cells in 1  μl of blood was calculated by comparing 
cellular events to bead events.

Statistical analysis

Statistical analysis was performed in r version 2.15.0 (R 
Core Team, 2012) and GraphPad Prism version 5. Mann–
Whitney U-tests were performed to compare absolute cell 
counts and frequencies between patients and controls. Cell 
frequencies were calculated as a percentage of the number 
of peripheral blood mononuclear cells (PBMC). 
Associations between cell counts/frequencies and C-peptide 
levels were assessed using Spearman’s rank correlation 
tests. Due to the exploratory nature of the study, we did 
not adjust for multiple comparisons and results were 
considered statistically significant when P  <  0·05.

Results

Demographic and medical data in T1D patients and 
healthy controls

T1D patient age and sex did not differ significantly from 
controls. All patients were positive for at least one AAB, 

and IA2A was the most prevalent (82%), followed by 
GADA (73%) and ZnT8A (64%). The combination of 
three AABs (41%) was the most prevalent AAB pattern 
for T1D patients, with only 23% of patients having one 
AAB. One individual from the control group was positive 
for islet AAB (4%); however, because this male control 
had low-titer GADA (6 U/ml) and no autoimmune or 
GADA-associated neurological diseases, the patient was 
not excluded from analysis (Table 2). Patients positive 
for one diabetes-specific AAB had higher frequencies and 
absolute counts of activated (HLA-DR+ CD38+) CD8+ T 
cells (P  =  0·03; 1·7 versus 0·8%; P  =  0·03; 33 versus 19·5 
cells/μl) than those patients positive for two or more AAB. 
At the diagnosis of T1D, DKA was present in 32% of 
patients.

Most patients (64%) were classified having HLA hap-
lotypes, suggesting a strongly or moderately increased risk 
for T1D, whereas these haplotypes were absent in the 
control group (Table 2). Based on HLA-DR/DQ genotypes, 
T1D patients were divided into two groups: (1) patients 
with strongly increased risk for T1D (HLA-DR4/3 posi-
tives); and (2) patients with other HLA combinations. 
Patients with strongly increased risk of T1D had lower 
frequencies of non-activated (HLA-DR– CD38–) CD4+ T 
cells (P  =  0·04; 8·7 versus 10·3%) and higher frequencies 
of activated (HLA-DR– CD38+) CD8+ T cells (P  =  0·04; 
7·7 versus 5·5%) compared to the group of patients with 
other HLA combinations.

Enterovirus (EV) immunoglobulin (Ig)A- and/or IgG-
positive T1D patients did not differ significantly from 
controls. When EV IgA- and/or IgG-positive and -negative 
patients were compared, we found that within the T cell 
compartment a limited number of subsets exhibited 
changes associated with the presence of EV antibodies. 
EV IgA- and/or IgG-positive patients had lower frequen-
cies and lower absolute numbers of activated (HLA-DR+ 
CD38+) CD4+ T cells (P = 0·02; 0·52 versus 0·88%; P = 0·01; 
13 versus 22 cells/µl), as well as higher frequencies of 
non-activated (HLA-DR– CD38–) CD8+ T cells (P  =  0·01; 
10·8 versus 6·4%) compared to EV IgA-/IgG-negative 
patients.

Differences in immune cell subsets between T1D 
patients and controls

We compared cell frequencies (% of PBMC) and median 
values of absolute numbers of immune cells (cells/μl) in 
patients and controls among all 51 immune cell popula-
tions (Fig. 2‒5 and Supporting information, Tables 1‒3). 
Absolute cell counts in T1D patients that differed sig-
nificantly from controls and within the patient’s subgroups 
are shown in Supporting information, Fig. 1‒4. In general, 
the differences found that between groups either cell 
numbers or frequencies overlap.
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Fig. 1. Delineation of peripheral blood immune cells. For all staining panels, cells were first gated upon forward-scatter (FSC)-height versus FSC-area 
for doublet discrimination, followed by gating on side-scatter (SSC)-area versus CD45 for distinguishing peripheral blood mononuclear cells 
(PBMCs). (a) Gating strategy for dendritic cell (DC), natural killer (NK) cell and monocyte panel; (b) gating strategy for B cell panel; (c) gating 
strategy for regulatory T cell (Treg) panel; and (d) gating strategy for T cell panel.
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T1D patients had lower frequency of DC and decreased 
levels of its subsets: pDC, mDC, slan– CD16– mDC and 
slan– CD16+ mDC) (Fig. 2a–e) compared to controls. 
Similarly, patients had lower NK cell values and a decreased 
proportion of cells in NK cell subsets: effector NK (NKeff) 
(CD56dimCD16+) cells and CD56dimCD16– NK cells com-
pared to controls (Fig. 2f–h).   On the contrary, in the 
T cell panel patients showed a higher proportion of CD3+, 
CD4+, CD4+ naive, CD4+ CM Th1, CD4+ CM Th2, acti-
vated (HLA-DR+ CD38+ and HLA-DR– CD38+) CD4+ T 
cells, activated (HLA-DR+ CD38+ and HLA-DR– CD38+) 
CD8+ T cells and lower levels of CD8+ effector memory 
(EM) and non-activated (HLA-DR– CD38–) CD8+ T cells 
compared to controls (Fig. 2i–s).

Correlations between cell numbers and C-peptide 
values in T1D patients

C-peptide values correlated positively with slan– CD16– 
mDC and memory Treg cell frequencies (Fig. 3b,d). 
However, C-peptide correlated negatively with the fol-
lowing subsets: plasmablasts, CD14+CD16+ non-classical 
monocytes, CD4+ naive Th cells, activated (HLA-DR+ 
CD38+ and HLA-DR– CD38+) CD4+ and activated 
(HLA-DR+ CD38+) CD8+ T cells (Fig. 3a,c,e–h).

Associations between immune cells and diabetic 
ketoacidosis

Comparison of flow cytometry data between patients with 
and without diabetic ketoacidosis (DKA) showed statisti-
cally significant differences between several subsets. T1D 

patients with DKA had higher frequencies of CD14+CD16+ 
non-classical monocytes and lower frequencies of NKreg 
(CD56bright CD16–) cells and CD8+ naive T cells compared 
to T1D patients without DKA (Fig. 4a–c).

Age-dependent differences in immune cell counts and 
frequencies in T1D patients

Younger T1D children (<11 years) had more plasmablasts, 
switched memory B cells and preswitch memory B cells; 
CD14+CD16+ non-classical monocytes and activated (HLA-
DR+CD38+ and HLA-DR+ CD38–) CD4+ T cells compared 
to older T1D patients (≥11 years) (Fig. 5a–c,e–g). 
Patients  diagnosed at older age (≥11 years) had a higher 
proportion of slan– CD16– mDC, non-activated (HLA-DR– 
CD38–) CD4+ and CD8+ T cells compared to younger 
children (Fig. 5d,h,i). The same age groups were also 
compared among controls, and younger controls had 
significantly higher frequencies of B cells and various 
subsets, including switched memory B cells (SM), preswitch 
memory (PSM) B cells, exhausted memory B cells, and 
transitional B cells compared to older controls (Fig. 5j–n). 
In the T cell compartment, younger controls had lower 
frequencies of CD4+ EM and CM T cells, non-activated 
(HLA-DR CD38–) CD4+ T cells and CD8+ CM T cells 
(Fig. 5o–r) compared to controls in the older age group. 
SM and PSM memory B cells and non-activated (HLA-DR– 
CD38–) CD4+ T cells differed significantly across ages 
within the control group and the T1D group, and therefore 
these changes appear to be age-dependent and not 
T1D-specific.

Table 3. List of fluorochromes, cell surface markers and respective clones of monoclonal antibodies used for the identification of cell subtypes in T cell, 
regulatory T cell (Treg), B cell, dendritic cell (DC), natural killer (NK) cell and monocyte compartments

Fluorochromes

T cell panel Treg panel B cell panel
DC/NK cell/monocyte 

panel

Marker Clone Marker Clone Marker Clone Marker Clone

FITC         CD24* ML5 Slan**** DD-1
AF488 CD183 (CXCR3)** G025H7            
PerCP-Cy5.5 CD4* RPA-T4 CD4* RPA-T4 CD19* HIB19 CD123* 7G3
PE CD197 (CCR7)* 150503 CD25* M-A251     CD56*** MY31
PE-Cy7 CD45RA* HI100 CD194 (CCR4)* 1G1 IgD** IA6-2 CD11c* B-LY6
APC CD38* HIT2     CD38* HIT2 CD16* B73.1
AF647     CD127* hIL-7R-M21        
AF700 CD45** HI30 CD45** HI30 CD45** HI30 CD45** HI30
APC-H7 CD8* SK1 CD45RO* UCHL1 CD20* L27 CD3*, 

CD19*, 
CD20* 

SK7, HIB19, 
L27

V450 CD3* UCHT1 CD3* UCHT1     CD14* MoP9
BV 421         CD27** O323    
V500 HLA-DR* L243(G46-6) HLA-DR* L243(G46-6) CD3* UCHT1 HLA-DR* L243(G46-6)
BV 605 CD196 (CCR6)** G034E3            

Reagent manufacturer: *Becton Dickinson (BD); **BioLegend; ***Beckman Coulter; ****Miltenyi Biotec. FITC  =  fluorescein isothiocyanate; 
PerCp = peridinin chlorophyll; PE-Cy7 = phycoerythrin-cyanin 7; HLA-DR = human leukocyte antigen DR. APC = allophycocyanin.
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Fig. 2. The following immune cell frequencies in type 1 diabetes (T1D) patients differed significantly from controls (CTRL): (a–e) dendritic cell (DC) 
compartment; (f–h) natural killer (NK) cells and its subsets; and (i–s) many subsets  in T cell compartment. Each data point represents an individual 
subject. Horizontal lines indicate median values of cell frequencies; P-values ≤ 0·05 were considered statistically significant in the Mann–Whitney 
U-test.
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Discussion

T1D has been classically described as a T cell-mediated 
disease [2]; however, an increasing number of studies 
have shown the importance of other immune cells in 
disease pathogenesis [6,8,9,14]. In the current study, we 
examined changes in a wide spectrum of immune cells 
in children with newly diagnosed T1D using unseparated 
PBMCs staining panels and HIP-C version 3.3 protocol 
developed by the COST-ENTIRE consortium. We found 
that NK, DC and T cell compartments and their subsets 
in T1D patients differed significantly from healthy controls 
(Fig. 2a–s and Supporting information, Fig. 1a–m). 
However, T1D patients’ B cells, T regulatory cells and 
monocytes did not differ compared to healthy controls. 
Thus, our study supports the results of previous investiga-
tions, which suggest substantial changes in cell populations 

responsible for both innate and adaptive immunity in 
T1D patients.

In the present study, NK cells were subdivided into 
four subsets based on the expression of CD56 and CD16. 
The current literature deals mainly with two main subsets 
of NK cells: (1) CD56dimCD16+ are mature cells forming 
the majority of NK cells in peripheral blood; and (2) 
CD56brightCD16– cells are considered to be immature NK 
cells [15]. These cells have also been termed NKeff cells 
and NKreg cells, respectively [16]. There is also an inter-
mediate subset characterized as CD56brightCD16+ [15], and 
some studies suggest a fourth population of NK cells, 
which express CD56 but lack CD16 (CD56dimCD16–) [17]. 
Although some authors doubt the existence of the latter 
NK subpopulation [18], we are confident that all four 
NK subpopulations could be determined. Our ability to 

Fig. 3. Correlation between immune cell frequencies and serum C-peptide (nmol/l) values in type 1 diabetes (T1D) patients. Statistically significant 
negative or positive correlation were detected in: (a) plasmablasts; (b) slan– CD16– myeloid dendritic cells (mDC); (c) CD14+CD16+ non-classical 
monocytes; (d) memory regulatory T cells (Tregs); (e) CD4+ naive T helper (Th) cells; (f,g) activated [human leukocyte antigen DR (HLA-DR)+ CD38+ 
and HLA-DR- CD38+] CD4+ T cells; and (h) activated (HLA-DR+ CD38+) CD8+ T cells. Each data point represents an individual subject. P-values 
≤ 0·05 were considered statistically significant in Spearman’s rank correlation test.

Fig. 4. Significant differences in immune cell frequencies between type 1 diabetes (T1D) patients with and without ketoacidosis in: (a) natural killer 
(NK)reg (CD56brightCD16–) cells; (b) CD14+CD16+ non-classical monocytes; and (c) CD8+ naive T cells. Each data point represents an individual 
subject. Horizontal lines indicate median values of cell frequencies. P-values ≤ 0·05 were considered statistically significant in the Mann–Whitney 
U-test.
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determine all four subpopulations may have been depend-
ent on our use of fresh whole blood, enabling us to 
identify CD56dimCD16– cells. However, the exact role of 
this latter subset in normal physiological conditions, as 
well as in autoimmune diseases, remains to be defined. 

Therefore the significance of lower frequencies and/or 
decrease of absolute numbers (Fig. 2f–h and Supporting 
information, Fig. 1g–j) of NK cells and its subsets (NKreg 
CD56brightCD16–, NKeff CD56dimCD16+, CD56dimCD16–) 
in our study and in others [8,14] warrants further 

Fig. 5. Comparison of immune cell frequencies in type 1 diabetes (T1D) patients (a–i) and controls (j–r) aged under 11 years and aged 11 years and 
older. Younger T1D patients (<11 years) differed significantly in older (≥11 years) T1D patients in (a–c) B cell compartment; (d) slan– CD16– 
myeloid dendritic cells (mDC); (e) CD14+CD16+ non-classical monocytes; (f–i) T cell subsets. Younger controls (<11 years) differed significantly 
compared to older (≥11 years) controls in (j–n) B cell compartment and (o–r) T cell compartment. Horizontal lines indicate median values of cell 
frequencies, and each data point represents an individual subject. P-values ≤ 0·05 were considered statistically significant in the Mann–Whitney 
U-test.
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investigation. One possible explanation for the lower NK 
count in T1D patients might be related to decreased 
responsiveness to interleukin (IL)-2 and IL-15 stimulation 
[8] which, in combination with impaired cell numbers 
in the NK cell compartment, may cause increased sus-
ceptibility to certain viruses (e.g. enterovirus) [16].

We have shown the decrease of myeloid and plasma-
cytoid DC in T1D that is in keeping with previous studies 
[9,19]. Although our flow cytometry panel did not enable 
us to measure conventional DC (mDC) subtypes cDC1 
and cDC2 [20], we characterized these cells by the expres-
sion of CD16 and slan, a carbohydrate modification of 
P-selectin glycoprotein ligand 1 (PSGL-1) that has been 
studied in the context of different immune-mediated dis-
eases [12]. To our knowledge, this is the first study inves-
tigating the role of slan+ DC in T1D. Although the 
frequency of slan-expressing cells in T1D patients did 
not differ from controls, controls exhibited a higher slan+ 
CD16+ absolute count compared to T1D patients 
(Supporting information, Fig. 1f). Despite the fact that 
no other differences between patient subgroups and con-
trols were found, further investigations into whether the 
slan+ DC subset may be a predictor for the development 
of T1D complications, e.g. slan-expressing monocytes are 
in nephropathy in lupus erythematosus [21], is needed.

Increases either in total counts or percentages of dif-
ferent T cell subsets in T1D have been demonstrated by 
several authors [22–25]. The character of changes varies 
between studies and is due largely to variability in patient 
populations and methods selection. We were particularly 
interested in counting activated T cells. In addition to 
HLA-DR, CD38 expression reflects the activation of both 
CD4+ and CD8+ T cells, although so far a variety of 
other CD38 functions in immune and non-immune cells 
have been described [26]. Therefore, the increase in acti-
vated CD8+ (HLA-DR– CD38+) and (HLA-DR+ CD38+) 
cells in T1D (Fig. 2q,r and Supporting information,  
Fig. 1l) may deserve special attention as a sign of active 
cytotoxicity. Although the antigen-specificity of these  
T cells remains unknown, both autoantigen- and virus-
specific CD8+ cells could be seen [27].

B cells play an essential role in adaptive immunity 
because of the production of antibodies, as well as their 
ability to act as antigen-presenting cells (APCs) and initi-
ate the specific immune response. B cells also have regu-
latory and effector functions mediated by cytokines and 
chemokines [28]. In contrast to some previous studies 
[6,29], in our study the B cell compartment in T1D 
patients did not differ from controls. However, in one 
study focusing on patients with long-standing T1D, T1D 
patients did not differ from controls in most B cell sub-
populations, but the expression of maturation-associated 
markers was impaired in T1D patients [30]. This may 

indicate that the B cell compartment is largely involved 
in the T1D pathogenesis through functional defects. 
Interestingly, in the current study, B cell counts and pro-
portions in younger controls differed from older controls; 
however, B cells in younger and older T1D patients tend 
to have similar results in both age groups (Supporting 
information, Tables S2 and S5).

Here we found that C-peptide levels were correlated 
inversely with frequencies of plasmablasts, CD14+CD16+ 
non-classical monocytes, CD4+ naive Th cells, activated 
(HLA-DR+ CD38+ and HLA-DR– CD38+) CD4+ T cells 
and activated (HLA-DR+ CD38+) CD8+ T cells (Fig. 
3a,c,e–h and Supporting information, Fig. 2). These 
results indicate that changes in these cell populations 
may be associated with more extensive destruction of 
β cells. In addition, C-peptide correlated positively with 
slan– CD16– mDC and memory Treg cells, reflecting the 
positive impact of these cells in the natural history of 
T1D (Fig. 3b,d). Furthermore, it has also been shown 
that children with higher C-peptide levels at diagnosis 
have longer periods of remission (i.e. honeymoon phase) 
[25].

Our finding of DKA being present at diagnosis in a 
third of patients is in line with previous reports [2]. 
DKA is a serious clinical problem in newly diagnosed 
childhood T1D, and our results here show that T1D 
patients with DKA exhibit significant changes in peripheral 
blood immune cells. Our patients with DKA had a higher 
frequency and/or an absolute number of plasmablasts, 
CD14+CD16+ non-classical monocytes compared to T1D 
patients without DKA (Fig. 4b and Supporting informa-
tion, Fig. 3a,b). Also, the absolute number of both acti-
vated (HLA-DR+ CD38+ and HLA-DR+ CD38–) CD4+ and 
CD8+ T cells  was increased in these patients (Supporting 
information, Fig. 3d–g). Patients without DKA showed 
a higher frequency for NKreg (CD56brightCD16–) cells and 
CD8+ naive T cells (Fig. 4a,c). Our results and findings 
from others suggest increased activation of the immune 
system in T1D patients with DKA. Previous investigations 
of others suggest that DKA patients have higher leukocyte, 
monocyte and neutrophil counts and elevated hs-C-
reactive protein (CRP), IL-6 and IL-10 levels compared 
to controls [31,32]. Further, ketoacidosis may trigger T 
cell activation, therefore the elevated levels of activated 
(HLA-DR+ CD38+ and HLA-DR+ CD38–) CD4+ and CD8+ 
cells  [33] (Supporting information, Fig. 3d–g) in the cur-
rent DKA patients provide evidence for this idea. However, 
a more severe manifestation of T1D might occur as a 
consequence of more extensive activation of a variety of 
immune cell compartments, leading to a higher risk of 
long-term diabetic complications, as DKA at diagnosis 
of T1D is associated with poor long-term glycemic control 
[34].
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As T1D immunopathogenesis may differ between 
younger and older patient groups [35–37], and because 
the biggest increase in T1D incidence has been observed 
among young children [2], we divided the patients into 
two groups: patients aged under 11 years and those aged 
11 years and older. In a comparison of these two groups, 
we found that younger patients had increased values of 
plasmablasts, CD14+CD16+ non-classical monocytes and 
activated (HLA-DR+ CD38+ and HLA-DR+ CD38–) CD4+ 
T cells compared to patients with an older age at onset 
(Fig. 5a,e–g and Supporting information, Fig. 4a–c). 
However, older children had higher values of slan– CD16– 
mDC and non-activated (HLA-DR– CD38–) CD4+ and 
CD8+ T cells compared to younger children (Fig. 5d,h,i 
and Supporting information, Fig. 4d,e). These findings, 
along with other similar studies [38–41], suggest the pres-
ence of a more prominent proinflammatory profile of 
immune cells in children with a younger age at onset of 
T1D than those diagnosed at older ages. In addition, our 
previous study suggests that the timing by which immu-
nological markers are investigated following the onset of 
T1D is critical in understanding disease development [42]. 
Our present study further supports this idea, as we detected 
significant changes in various cell subtypes within the 
first weeks following T1D diagnosis. It is possible that 
persistent metabolic pressure in the patients’ organism 
might hide some immunological changes that are evident 
at the disease onset.

It is important to note that by using monoclonal anti-
bodies in four panels, we were able to discriminate 51 
immune cell populations in 400 μl of patients’ whole blood. 
Despite the fact that flow cytometry operations require 
substantial time and experience to perform accurately, this 
study provides evidence of the usefulness of such an 
approach in the characterization of immune cell subsets 
in the context of T1D and other immune-mediated dis-
orders. Importantly, our approach does not limit the char-
acterization of novel clinically important cell subpopulations 
if additional reagent combinations are determined.

The main strength of our study consists  in  a wide 
range of investigated immune cell subsets. However, we 
acknowledge that it could also be considered as a limita-
tion, as we performed multiple comparisons. One option 
for correcting for multiple testing is Bonferroni adjust-
ment, which decreases the risk of type I errors and would 
guarantee that our data would not include potential false 
positive results. At the same time, there is a great prob-
ability that with this approach we would also miss many 
potential associations (true findings), which are worthy 
of further study to confirm their exact role in T1D. Also, 
one of the assumptions of Bonferroni correction is that 
individual tests should be independent, but the distribu-
tion of immune cell subsets are often related to each 
other. Altogether, as our study is somewhat exploratory 

rather than confirmative, we decided  similarly to other 
authors [43–45]  not to correct for multiple comparisons 
because it increases the risk of type II errors [46].Taken 
together, our findings show evidence of the prominent 
changes seen in nearly all peripheral blood immune cell 
compartments and demonstrate increased immune activa-
tion in patients with T1D. Also, our results suggest that 
alterations in immune cell patterns in T1D patients may 
be related to parameters such as age, ketoacidosis and 
serum C-peptide levels, but further investigation into these 
relationships is needed.
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Supporting Information

Additional supporting information may be found in the 
online version of this article at the publisher’s web site:

Fig. S1. Absolute cell (cells/μl) counts in T1D patients dif-
fered significantly in the following cell subsets compared 
to controls (CTRL): (a-f) DC and its subpopulations; (g-j) 
NK cell subsets; and (k-m) T cell compartment. Each point 

represents an individual subject. Horizontal lines indicate 
median values of cell numbers. P values ≤ 0·05 were con-
sidered statistically significant in the Mann-Whitney test.

Fig. S2. Absolute count (cells/μl) of CD14+ CD16+ non-clas-
sical monocytes in T1D patients correlated positively with 
serum C-peptide (nmol/L) values. P values ≤ 0·05 were 
considered statistically significant in the Spearman Rank 
Correlation test.

Fig. S3. Immune cell subtype absolute counts (cells/μl) in 
T1D patients with ketoacidosis differed significantly from 
T1D patients without ketoacidosis. T1D patients with keto-
acidosis had a higher absolute number than T1D patients 
without ketoacidosis in following cell subsets: (a) plasmab-
lasts; (b) CD14+ CD16+ monocytes; and (c-g) many subsets 
in the T cell compartment. Each data point represents an 
individual subject. Horizontal lines indicate median values 
of cell numbers. P values ≤ 0·05 were considered statisti-
cally significant in the Mann-Whitney test.

Fig. S4. Comparison of immune cell absolute counts (cells/
μl) in T1D patients under 11 years of age and 11 years of 
age and older. The number of (a) plasmablasts; (b) CD14+ 
CD16+ non-classical monocytes; (c) activated (HLA-DR+ 
CD38+) CD4+ T cells; and (d,e) non-activated (HLA-DR- 
CD38-) CD4+ and CD8+ T cells differed between age groups. 
Horizontal lines indicate median values of cell numbers. P 
values ≤ 0·05 were considered statistically significant in the 
Mann-Whitney test.

Table S1. Summary table of NK cells, DC, monocytes, and 
their subsets in T1D patients and healthy controls separated 
into two age groups: under 11 years of age and 11 years of 
age and older. Median cell counts (cells/ml) are displayed. 
P values ≤ 0·05 were considered statistically significant in 
Mann-Whitney test and are marked in blue.

Table S2. Summary table of B cells and its subsets in T1D 
patients and healthy controls (CTRL) separated into two 
age groups: under 11 years of age and 11 years of age and 
older. Median cell counts (cells/ml) are displayed. P values 
≤ 0·05 were considered statistically significant in Mann-
Whitney test and are marked in blue.

Table S3. Summary table of T cells and Tregs, and their sub-
sets in T1D patients and healthy controls (CTRL) separated 
into two age groups: under 11 years of age and 11 years of 
age and older. Median cell counts (cells/ml) are displayed. 
P values ≤ 0·05 were considered statistically significant in 
Mann-Whitney test and are marked in blue.

Table S4. Summary table of NK cells, DC, monocytes, and 
their subsets in T1D patients and healthy controls (CTRL) 
separated into two age groups: under 11 years of age and 
11 years of age and older. Median % are displayed. P values 
≤ 0·05 were considered statistically significant in Mann-
Whitney test and are marked in blue.
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Table S5. Summary table of B cells and its subsets in T1D 
patients and healthy controls (CTRL) separated into two 
age groups: under 11 years of age and 11 years of age and 
older. Median % are displayed. P values ≤ 0·05 were consid-
ered statistically significant in Mann-Whitney test and are 
marked in blue.

Table S6. Summary table of T cells and Tregs, and their 
subsets in T1D patients and healthy controls (CTRL) sep-
arated into two age groups: under 11 years of age and 11 
years of age and older. Median % are displayed. P values 
≤ 0·05 were considered statistically significant in Mann-
Whitney test and are marked in blue.


