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Abstract 
Context: Type 1 diabetes (T1D) is associated with alterations of the immune response which persist even after the autoimmunity aspect is 
resolved. Clinical factors that cause dysregulation, however, are not fully understood.  
Objective: To identify clinical factors that affect immune dysregulation in people with longstanding T1D.  
Design: In this cross-sectional study, 243 participants with longstanding T1D were recruited between February 2016 and June 2017 at the 
Radboudumc, the Netherlands. Blood was drawn to determine immune cell phenotype and functionality, as well as circulating inflammatory 
proteome. Multivariate linear regression was used to determine the association between glycated hemoglobin (HbA1c) levels, duration of 
diabetes, insulin need, and diabetes complications with inflammation.  
Results: HbA1c level is positively associated with circulating inflammatory markers (P < .05), but not with immune cell number and phenotype. 
Diabetes duration is associated with increased number of circulating immune cells (P < .05), inflammatory proteome (P < .05), and negatively 
associated with adaptive immune response against Mycobacterium tuberculosis and Rhizopus oryzae (P < .05). Diabetes nephropathy is 
associated with increased circulating immune cells (P < .05) and inflammatory markers (P < .05)  
Conclusion: Disease duration and chronic complications associate with persistent alterations in the immune response of individuals with long 
standing T1D. 
Key Words: diabetes, diabetes complications, inflammation, proteomics 
Abbreviations: BMI, body mass index; ELISA, enzyme-linked immunosorbent assay; FGF, fibroblast growth factor; HbA1c, glycated hemoglobin; hsCRP,  
high-sensitivity C-reactive protein; IFN, interferon; IL, interleukin; PBMC, peripheral blood mononuclear cell; T1D, type 1 diabetes; TLR, toll-like receptor; 
TNF, tumor necrosis factor. 

Diabetes is a highly prevalent disease accompanied by chron-
ically elevated plasma glucose levels. Hyperglycemia is the 
driver of microvascular complications associated with dia-
betes and has also been implied to be a risk factor for macro-
vascular complications like stroke (1). 

It has been well established that the presence of diabetes im-
pacts the immune system (2). First, the immune system is in-
volved in the development of the disease, particularly in 
individuals with type 1 diabetes (T1D), an autoimmune dis-
order. Activation of the immune system leads to the destruc-
tion of beta-cell function and loss of insulin production. In 
addition, many diabetes complications seem to be driven by al-
tered responses of the immune system. For example, the pres-
ence of diabetes is accompanied by an increased number of 
white blood cells and by increased circulating levels of inflam-
matory proteins suggestive of a chronic immune activation 
(3, 4). This proinflammatory phenotype has been associated 
with accelerated vascular inflammation (5, 6), leading to car-
diovascular morbidity and mortality, and may also play a 
role in the development of microvascular complications (7). 

Interestingly, diabetes, particularly poorly controlled dia-
betes, is associated with an increased susceptibility to infec-
tions in general (8, 9), and some fatal infections in 
particular, as recently again demonstrated by the COVID-19 
pandemic (10). These findings imply not only a chronic activa-
tion of the immune system, yet also the inability to respond 
maximally to external stimuli, including pathogens during 
infection. 

While altered responses of the immune system play an im-
portant role in various complications associated with dia-
betes, the underlying mechanisms involved are not 
completely understood. For example, how the level of gly-
cemia or disease duration would impact various parameters 
of the immune system is unknown. Identification of factors 
that drive immune dysfunction is imperative to develop poten-
tial treatment strategies to prevent complications. 

The proinflammatory phenotype has been observed both 
for type 1 and type 2 diabetes; while people with type 2 dia-
betes are often obese and obesity has also been identified as 
a low-grade inflammatory state, there is no doubt that  
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hyperglycemia itself is an important inflammatory driver (11). 
Hence, T1D, in essence a state of “pure” chronic hypergly-
cemia, represents a good model to study the interaction be-
tween hyperglycemia and the inflammatory system. 

In the present study, we performed multidimensional im-
munophenotyping using a functional immunology approach 
(12) in a large cohort of individuals with longstanding T1D, 
to determine associations between the clinical factors associ-
ated with diabetes and various immune readouts. 

Methods 
We performed a multidimensional characterization of im-
mune function in our cohort (outline of measurements:  
Fig. 1A). This included determination of immune cell compo-
sitions, measurements of immune cell function through ex 
vivo stimulation, and quantification of circulating inflamma-
tory proteome, as described in detail below. 

Study Population 
The cohort consists of people with T1D older than 18 years. 
Patients were recruited from the outpatient clinic of 
Radboudumc, Nijmegen, The Netherlands. All participants 
have a positive T1D diagnosis based on all accepted clinical 
criteria, with or without anti-GAD positivity. Exclusion cri-
teria are 1) history of infectious disease 4 weeks prior to the 
study inclusion and 2) pregnancy. If a participant had a fever 
in the week before the appointment date, the tests were re-
scheduled. During the appointment, participants were asked 
to fill in a questionnaire about their general health data such 
as age, gender, body mass index (BMI), smoking status, dental 
health, age of diabetes onset, duration of diabetes, and insulin 
dose. Additional information which includes glycated hemo-
globin (HbA1c) and history of diabetes-related complications 
were obtained from clinical records. This study was approved 
by the institutional review board of the Radboud University 
Medical Centre and was conducted in accordance with the 
principles of human experimentation as stated in the 
Declaration of Helsinki. No formal sample size calculation 
was performed due to the multidimensionality of the out-
comes measured (immune cell phenotype, proteome, and ex 
vivo stimulations). Thus, sample size was decided based on 
previous studies from the human functional genomics, which 
the cohort is a part of (http://www.humanfunctionalgenomics. 
org/site/) (13). 

In total, 243 T1D patients were recruited in the study in the 
period from February 2016 to June 2017. An overview of the 
characteristics of the study participants can be found in  
Table 1 and in Fig. 1B. The median of diabetes duration in 
our cohort was 29 (14-38) years and the median HbA1c level 
of the study cohort was 61.5 (55.9-69.4 mmol/mol. A total of 
161 participants were diagnosed with at least one diabetes 
complication, including microvascular complications such as 
retinopathy and macrovascular complications such as coron-
ary artery disease and stroke (Fig. 1B). 

Blood Collection and Isolation of Peripheral Blood 
Mononuclear Cells 
Venous blood of the participants was drawn into 10 mL EDTA 
tubes (Vacutainer system; Becton Dickinson, Franklin Lakes, 
New Jersey) between 08:00 and 11:00 AM. White blood cell 
numbers and composition were measured from the whole 

blood using Sysmex XN-450 Hematology Analyzer (Sysmex 
Corp., Kobe, Japan). Peripheral blood mononuclear cells 
(PBMCs) were isolated from the whole blood using the 
Ficoll-Paque density gradient centrifugation method (GE 
Healthcare, Amersham, UK). The isolated PBMCs were 
washed twice with phosphate-buffered saline to remove plate-
lets and other impurities. The cells were then resuspended in 
Roswell Park Memorial Institute (RPMI) 1640 
Dutch-modified culture medium (Gibco/Invitrogen, Breda, 
The Netherlands), supplemented with 50 mg/L gentamycin, 
1 mM pyruvate (Gibco/Invitrogen), and 2 mM L-glutamine 
(Gibco/Invitrogen). The composition of the isolated PBMCs 
was determined using Sysmex XN-450 Hematology Analyser. 

Ex Vivo Mononuclear Function 
The PBMCs (500 000 cells) were seeded in round-bottom 
96-well plates and stimulated using the stimulation panel as 
previously reported (39). In short, the cells were stimulated us-
ing, among other things, Toll-like receptor ligands (eg, lipo-
polysaccharide, pam3cys) and pathogenic stimuli (eg, 
Mycobacterium tuberculosis lysate, heat-inactivated 
Candida albicans hyphae) for 24 hours or 7 days. At the end 
of the incubation period, supernatant was collected and fro-
zen at −20C for the measurement of cytokine production. 
The production of innate (tumor necrosis factor [TNF], inter-
leukin [IL]-1β, and IL-6) and adaptive (interferon [IFN]γ, 
IL-17, IL-22) cytokines was measured in the supernatants us-
ing R&D Duoset enzyme-linked immunosorbent assay (R&D 
Duoset ELISA Systems) according to the manufacturers proto-
col. The research resource identifier (RRID) for all antibodies 
used in this study can be found in Table 2. If the measured re-
sponse fell outside of the ELISA threshold, response was maxi-
mized at the threshold value. Stimulations in which >50% of 
the ELISA readings fell outside of the threshold were excluded 
from the final analysis. 

Circulating Inflammatory Marker Measurements 
Circulating plasma inflammatory proteins were measured us-
ing the commercially available Olink Proteomics AB 
Inflammation Panel (92 inflammatory proteins) (Uppsala 
Sweden). Proteins are recognized by antibody pairs coupled 
to cDNA strands which bind in close proximity and extend 
by a polymerase reaction. Proteins were excluded for analysis 
when the detection level of 75% was not met. Quality control 
was performed by Olink Proteomics with 6 samples not pass-
ing the quality control and subsequently excluded from the 
analysis. Overall, 75 of the 92 (81.5%) proteins were detected 
in at least 75% of the plasma samples and included in the 
analysis. 

The levels of IL-18 binding protein, IL-18, and high- 
sensitivity C-reactive protein (hsCRP) in the plasma were de-
termined using sandwich ELISA (R&D Duoset ELISA 
Systems) according to the manufacturer’s protocol. Three 
controls of pooled plasma from the cohort were included in 
each ELISA plate to enable cross-plate comparisons. 

Statistical Analysis 
All statistical analyses were performed using R version 4.0.5 
(R Foundation for Statistical Computing, Vienna, Austria). 
Data distribution of the dataset was checked using the 
Shapiro-Wilk test. Multivariate linear regression was  
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performed to determine the associations between the predic-
tors and the outcomes in all parts of the study. The effect of 
different clinical factors on immune cell subsets, circulating 

inflammatory markers, and cytokine production upon ex 
vivo stimulations were determined using the following 
formula: 

Figure 1. A, Study design and methods. B, distribution of the clinical data.   
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Outcome = (intercept) + age + BMI + sex + duration of dia-
betes + mean HbA1c + insulin need (+ seasonality, for ex 
vivo stimulation) 

The effect of diabetes complications on immune phenotype 
was determined and corrected for age, BMI, sex, and diabetes- 
related factors (duration of diabetes, mean HbA1c levels, and 
insulin need). Missing data were handled for each comparison 
separately. Outliers in the dataset were removed before per-
forming statistical analyses to minimize type 1 error. P values 
were adjusted for multiple testing using Benjamini-Hochberg 
correction with false discovery rate (FDR) of <.05 used as a 
threshold for statistical significance. Propensity score–match-
ing was done using the matchit function from the “MatchIt” 
package from R with age, duration of diabetes, and HbA1c 
level used as predictors of the phenotype. Details of the statis-
tical analysis can be found in Supplementary Tables 1-6 (40) 

Results 
Immune Cell Quantity 
In total, 243 participants were included in the study. Using a 
flow cytometry-based method, we first determined the com-
position of immune cells in our cohort (Table 1). The average 
total white blood cell count within our cohort was 6.16 
(±2.00) × 103 cells/uL. Neutrophil count was 3.74 
(±1.72) × 103 cells/uL, while monocyte and lymphocyte 
counts were 0.49(±0.18) × 103 cells/uL and 1.69(±0.61) ×  
103 cells/uL, respectively (Table 1). 

We then set out to associate diabetes duration, HbA1c level, 
and insulin need with circulating immune cell numbers, cor-
rected for age, sex, and BMI. Our multivariate linear model re-
vealed that total insulin need (U/kg/day) and duration of 
diabetes were positively associated with circulating immune 
cell counts (Fig. 2A and 2B). Whereas insulin need was posi-
tively associated with both neutrophil and total white blood 

cell counts (P value <.01 for both), duration of diabetes was 
associated with increased circulating monocyte counts (P val-
ue <.05) (Fig. 2A). 

In addition, we observed positive associations between the 
presence of diabetes complications and number of circulating 
immune cells (Fig. 2C). The presence of peripheral arterial dis-
ease (PAD) was particularly associated with circulating mono-
cyte, neutrophils, and total white blood cell counts (P value 
<.05 for all) (Fig. 2C and 2D). The cumulative number of dia-
betes complications was also strongly associated with neutro-
phil and total white blood cell counts (P value <.005 and 
<.05, respectively). 

Immune Cell Function 
In addition to changes in immune cell numbers, we deter-
mined potential changes in immune cell functionality using 
cytokine release upon ex vivo stimulations as a readout. 
Duration of diabetes was associated with cytokine production 
upon Toll-like receptor (TLR) activation (Fig. 3A). 
Specifically, the productions of IL-6 and TNFα after TLR4 
stimulation using lipopolysaccharide (100 ng) were positively 
associated with the duration of diabetes (P value <.05), as 
were TLR7 responses reflected by IL-1β and IL-6 after stimu-
lation using imiquimod (P value <.05 for both) (Fig. 3A). 
Diabetes duration was also negatively associated with TNFα 
production against Influenza virus (P value <.05). 
Moreover, duration of diabetes was also negatively associated 
with adaptive immune response against Rhizopus microspo-
rus, Rhizopus oryzae, M. tuberculosis, and Borrelia (P value 
<.05 for all). 

Glycemia (mean HbA1c levels) and insulin need also im-
pacted immune cell functionality, albeit to a lesser extent 
than diabetes duration. Cytokine responses against C. albi-
cans and Staphylococcus aureus were linked with glycemia 
and insulin need (Fig. 3); glycemia was negatively associated 
with the production of IFNγ upon stimulation with C. albi-
cans and R. microsporus, while insulin need is positively asso-
ciated with the production of IL-17 and IL-22 against C. 
albicans. 

We observed a number of associations between diabetes 
complications and ex vivo immune cell function. Worsening 
of dental health status was positively associated with the re-
sponse against C. albicans conidia, R. oryzae, S. aureus, and 
M. tuberculosis (P value <.05 for all) (Fig. 4). Limited associ-
ations were observed between nephropathy and peripheral ar-
tery disease (PAD) against cytokine responses to C. albicans 

Table 1. Clinical characteristics of the cohort 

General characteristics Median (IQR)  

Age, yrs 54 (41-65) 

Sex, female, % 44.70% 

BMI, kg/m2 25.4 (22.7-28.2) 

HbA1c (%) 
HbA1c, mmol/mol 

7.8% (7.3-8.5) 
61.5 (55.9-69.4) 

Diabetes duration, yrs 29 (16-40) 

Insulin need, IU/kg 0.6 (0.4-0.7) 

Diabetes complications, %  

Retinopathy 56% 

Peripheral neuropathy 45% 

Nephropathy 17% 

Coronary arterial disease 10% 

Stroke 6.2% 

Peripheral arterial disease 6.6% 

Immune cell count, × 103/uL)  

Total white blood cells 5.7 (4.9-7.0) 

Neutrophils 3.3 (2.7-4.4) 

Lymphocytes 1.6 (1.3-2.0) 

Monocytes 0.5 (0.4-0.6)  

Table 2. Research resource identifier (RRID) of the antibodies used 
for cytokine measurements 

Antibody name Antibody registry ID  

Human IL-6 DuoSet ELISA Kit RRID:AB_2814717 

Human IL-1beta DuoSet ELISA Kit RRID:AB_2848158 

Human TNF-alpha DuoSet ELISA Kit RRID:AB_2848160 

Human IL-17 DuoSet ELISA Kit RRID:AB_2928042 

Human IL-22 DuoSet ELISA Kit RRID:AB_2928043 

Human IFN-gamma DuoSet ELISA Kit RRID:AB_2928044 

HumanIL-18bpa DuoSet ELISA Kit RRID:AB_2928087 

Human CRP DuoSet ELISA Kit RRID:AB_2928088   
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and TLR2 agonist pam3cys, respectively (P value <.05 for 
both). Retinopathy was negatively associated with innate 

immune response against influenza and IFNγ production 
against Borrelia burgdorferi (P value .05 for all). And again, 

Figure 2. A, The effect of diabetes duration, glycemia, and insulin need on circulating immune cells. B, Representative scatter plot showing the 
association between diabetes duration and monocyte counts. C, The effect of diabetes complications on circulating immune cells. D, Representative 
boxplot showing the association between peripheral arterial disease (PAD) with neutrophil counts. The exact P value of all statistical tests done in this 
study can be found in Supplementary Tables 1-6 (40).   
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the number of complications was associated with the ex vivo 
cytokine response toward inflammasome activator (MSU 
crystal + palmitic acid), TLR1/2 agonist pam3cys, C. albicans, 
and S. aureus (P value <.05 for all) (Fig. 4). 

Circulating Inflammatory Markers 
We also determined circulating inflammatory protein levels 
using a proteomics approach. Our targeted proteomics ap-
proach revealed that 24 out of 75 inflammatory proteins 
were positively associated with diabetes duration (Fig. 5A). 
Diabetes duration was associated with circulating chemokine 
ligands (eg, CCL19 and CCL23), inflammatory cytokines (eg, 
IL-6 and IL-8), and markers of immune cell activation (eg, 
PD-L1). Glycemia was associated with 23/75 proteins, 
eg, CDCP1, fibroblast growth factor (FGF)-21, hepatocyte 
growth factor (HGF) and TNFSF14. Insulin need was nega-
tively associated with the circulating levels of CX3CL1 and 
LIF-R. 

Two of the recorded diabetes complications, namely, nephr-
opathy and stroke, were positively associated with circulating 
inflammatory markers (Fig. 5C). Nephropathy was positively 
associated with 19/75 proteins. Stroke was positively associ-
ated with 12/75 proteins, 10 of which (eg, CD5, CD40, 
FGF-21, and FGF-23) overlapped with the ones that associated 
with nephropathy. Other diabetes complications, both micro-
vascular and macrovascular, as well as bad dental health did 
not associate with increased circulating inflammatory proteins 

(Fig. 5C). However, cumulative numbers of complications are 
highly associated with circulating inflammatory markers 
(28/75 proteins). Additional analysis on a propensity score– 
matched case-control group between participants that had at 
least one diabetes complication and those who did not (n =  
118, Supplementary Fig. 1A) revealed that people with dia-
betes complication(s) had higher levels of circulating inflam-
matory markers than people who did not have complications 
(Supplementary Fig. 1B). Diabetes-related characteristics, 
like insulin need, also had a more robust association with in-
flammatory markers in T1D patients with diabetes complica-
tions than those without (Supplementary Fig. 1C) (14) 

Discussion 
The present study reveals a clear association between duration 
of diabetes with inflammation, as well as a relation between 
the presence of complications and inflammation. The impact 
of chronic glycemia (HbA1c) on inflammation is present, 
but less apparent. Together these findings suggest that dia-
betes leads to a proinflammatory state, and that this contrib-
utes to diabetes-related complications. 

First, we observed positive, albeit limited, associations be-
tween glycemia and inflammation. It has been well established 
that chronically elevated levels of glucose are a strong risk fac-
tor for the development of various complications associated 
with diabetes (15). People with T1D have been shown to 
have a higher activated immune cell subsets than nondiabetic 

Figure 3. A, The effect of diabetes duration, glycemia, and insulin need on the immune cell response against pathogenic stimulations. B, 2 
representative scatterplots of the associations between duration of diabetes and ex vivo IL6 production upon TLR7 activation and, glucose control with 
ex vivo IFNγ production in response to C. albicans.   
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individuals (16). Our results reveal that level of glycemia does 
not linearly associate with circulating immune cell numbers 
and function, in agreement with earlier studies (17). This 

may suggest that any level of glycemia, regardless of its mag-
nitude, is already a trigger for altering immune cell prolifer-
ation and/or demargination. The same holds true for the 

Figure 4. A, The link between diabetes complications and elevated immune cell response toward pathogenic stimulations. B, Representative boxplots 
of ex vivo TNFα production in response to C. albicans and number of complications.   
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immune cell functionality, as shown by the ex vivo stimulation 
results: although we previously observed that people with 
T1D produce a less robust immune response against pathogen 

stimulation compared to healthy controls (18), here we show 
that this impairment is not linearly associated with glycemia. 
As such, changes in immune response in T1D may be 

Figure 5. A, The effect of diabetes duration, glycemia, and insulin need on circulating inflammatory markers. B, Representative scatterplots showing 
the associations between glycemic control (left) and diabetes duration (right) with inflammatory proteome. C, The effect of diabetes complications on 
circulating inflammatory markers and D, Representative boxplots of the associations between nephropathy and circulating IL-18 bp, and number of 
complications with TNF.   
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influenced more by other factors such as the duration of 
chronic hyperglycemia, rather than the magnitude of the gly-
cemia itself, as we will discuss later. 

Our analysis did reveal a positive association between level 
of glycemia and circulating inflammatory proteome levels, in-
cluding proteins that are associated with altered tissue func-
tions such as hepatocyte growth factor (for liver 
abnormality) and FGF-21 (adipose and endothelial tissue ac-
tivation) (19, 20). The relation between glycemia and tissue 
damage may be related to a number of underlying mecha-
nisms. First, glycemia could lead to a higher production of in-
flammatory markers that subsequently lead to tissue damage. 
However, glycemia in itself may also cause tissue damage that 
subsequently leads to a higher production of proinflammatory 
markers. It may very well be that both mechanisms work in 
tandem, creating a negative feedback loop that worsens tissue 
damage and immune dysregulation. Additionally, glycemia 
may also not just result in tissue damage but may also change 
the baseline inflammatory capacity of the tissues. Other stud-
ies have also shown that, in vitro, hyperglycemia exposure 
modulates epigenetic reprogramming on endothelial cells 
and adipose progenitor cells (21, 22). 

Second, we found diabetes duration to be associated with 
several immune-related parameters. In terms of immune cell 
composition, the number of circulating monocytes is positive-
ly associated with the duration of diabetes. A number of ani-
mal studies have shown that long exposure toward diabetes 
mellitus changes the proliferative and migratory capacity of 
immune progenitor cells (23, 24). These results suggest that 
it is not the degree of hyperglycemia itself that primes the 
changes in progenitor cells, but rather the duration of the 
exposure. 

Our ex vivo stimulation model also showed a relation be-
tween diabetes duration and both innate and adaptive im-
mune response. A positive relation between diabetes 
duration and prevalence of infectious disease such as tubercu-
losis has been previously described (25). Here, we found that 
diabetes duration affects both innate and adaptive immunity, 
albeit in the opposite manners; while diabetes duration was 
positively associated with innate immune response, the oppos-
ite can be observed with regard to adaptive immunity. We 
found lower productions of IFNγ, IL-17, and IL-22 when cells 
were stimulated with R. microsporus, M. tuberculosis, and R. 
oryzae, respectively. Both monocytes and lymphocytes ex-
press RAGE, receptor of advanced glycated products (AGE) 
that can induce proinflammatory responses (26, 27). 
However, hyperglycemia-induced metabolic stress has also 
been shown to impair antigen presenting capacity, leading 
to dampened proliferation of CD4+ T-cells (28). Thus, hyper-
glycemic exposure can have effects on different immune cell 
subsets depending on the signaling cascades it triggers. 
These weakened adaptive responses against pathogenic stim-
ulations in people with longer diabetes duration may explain 
why people with longstanding diabetes have a significantly 
higher risk for developing diseases like mucormycosis and tu-
berculosis (9, 25, 29). 

The fact that we could observe associations between im-
mune cell functionality and diabetes duration in our ex vivo 
model, which was done under standard cell culture condition, 
shows that prolonged hyperglycemic exposure can have a 
long-term impact on the immune response. This notion also 
comes in agreement with other in vitro and in vivo studies 
on the effect of long-term hyperglycemia on inflammation 

(30, 31). Moreover, we also found associations between dia-
betes duration and proteome markers produced by the bone 
marrow, such as FGF-23. It is therefore likely that prolonged 
exposure of hyperglycemia results in the reprogramming of 
immune progenitor cells through epigenetic changes, altering 
the immune response. 

Third, we observed limited associations between insulin 
need and inflammation. Insulin need is a surrogate marker 
of insulin resistance and was associated with circulating neu-
trophil numbers, adaptive immune response against C. albi-
cans, and with hsCRP but not with the other circulating 
inflammatory proteins. The effect of insulin resistance on in-
flammation in T1D may be less robust than in type 2 diabetes. 
The association we found between insulin need and inflamma-
tion may be driven by confounders such as sedentary lifestyle 
that we did not correct for in our model. However, insulin has 
also been shown to directly alter immune cell phenotype and 
functionality (32). The activation of insulin receptors in im-
mune cells results in increased migration of monocytes (32), 
T-cell proliferation (33), and organ infiltration of different im-
mune cell subsets (34). Our results show that the relation be-
tween immune cell functionality and insulin may be chronic, 
as we could observe limited but consistent positive associa-
tions between insulin need and adaptive immune response 
against Candida in our ex vivo model, even though we did 
not add insulin into the cell culture. This finding highlights 
the possibility of a sustained effect of insulin on immunity 
that may be driven by epigenetic changes in the progenitor 
cells. 

Last, we found several associations between the presence of 
diabetes complications and changes in immune phenotypes. 
Independent of glycemia and diabetes duration, nephropathy 
and number of complications were positively associated with 
the levels of circulating monocytes and neutrophils. The asso-
ciation between aberrant immune system and diabetes compli-
cations has been previously explored (35, 36). Increases in 
circulating immune cell counts have been shown to occur dur-
ing the onset of stroke and also early-stage diabetic nephrop-
athy (35, 36), which highlight the potentials of using cell 
counts as a marker for the progression of diabetes complica-
tions (37). Here, we show that the increase is sustained after 
the disease onset, which may result in a further progression 
in tissue damage. 

At the functional level, we found that the number of compli-
cations was positively associated with both adaptive and in-
nate immune response against a number of ex vivo 
stimulations. This may be caused by the overactivation of im-
mune cells and their progenitors by damage-associated mo-
lecular patterns (DAMPs) released from damaged tissue. 
This notion is supported by our findings on the positive asso-
ciations between several circulating inflammatory proteins 
and chemokines like CCL3 and CCL20 with diabetes compli-
cations. Thus, theoretically, this would imply that normaliza-
tion of immune response during the early stage of diabetes 
complications may potentially halt the progression of diabetes 
complications. 

We also found MMP-10, a protein that is associated with 
early signs of chronic kidney damage (38), to be associated 
with nephropathy in our cohort. As diabetic nephropathy sig-
nificantly decreases the life expectancy of diabetic individuals, 
utilization of biomolecules or other markers to detect early 
signs of chronic kidney disease can be useful in preventing 
the progression of this disease. Future studies should focus  
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on assessing the utilization of MMP-10 in detecting early signs 
of chronic kidney disease in patients with diabetes. 

The relation between T1D and inflammation has previously 
been described (31, 41-43). Type 1 diabetes is associated with 
an increase in ligands of Toll-like receptors (TLR) 2 and 4 
(41), soluble intracellular adhesion molecule type 1 
(sICAM-1), soluble intracellular adhesion molecule type 1 
(sICAM-1) (31), and high-sensitivity C-reactive proteins 
(hsCRP) (31, 42, 43) in either children or adults. The driving 
factors behind the increase of these inflammatory markers, 
however, have not been extensively described. In this study, 
we performed multidimensional phenotyping and patient 
characterization to determine how diabetes duration, 
HbA1c levels, insulin need, and presence of diabetes compli-
cations can affect the degree of inflammation in adults with 
longstanding T1D. 

Previous studies have shown the association between 
HbA1c levels and BMI on a limited numbers of inflammatory 
markers such as sICAM-1 and hsCRP (31, 42). Our extensive 
analysis, however, suggests that duration of diabetes, and 
therefore exposure time toward abnormal glucose levels, plays 
a more important role in altering immune responses, rather 
than glycemia itself. Moreover, we also confirmed previous 
findings on the relation between diabetes complications with 
inflammation. Measuring circulating white blood cells may 
thus provide an inexpensive way to determine the degree of 
chronic inflammation due to its association with different 
complications we found. It can potentially serve as a predict-
ive value, as changes in immune cells may precede the develop-
ment of complications. It would therefore be interesting to 
study how management of chronic inflammation alongside 
glucose control can affect the development of complications 
in people with longstanding T1D. Future studies should also 
focus on elucidating the effect of duration of glycemia expos-
ure toward epigenetic rewiring on the immune response of im-
mune progenitor and other inflammatory cells. 

This study has a number of limitations and strengths. One 
of the limitations of our study is the cross-sectional design, 
which makes it difficult to infer causality between immune 
system dysregulation and the different factors we studied. 
Secondly, the ex vivo model that we used did not emulate 
the physiological condition in T1D, as we did not culture 
the immune cells in the presence of insulin or excess glucose. 

This study has also strengths. First, we performed multidi-
mensional immunophenotype characterization on a large co-
hort. The alterations of immune system in people with 
diabetes mellitus involve both long-term alterations that result 
in low-grade chronic inflammation, as well as changes in the 
acute immune response against pathogens. By studying both 
the baseline inflammatory status through circulating immune 
cell numbers, and inflammatory markers, as well as immune 
cell functionality, we could get a better understanding on 
how longstanding T1D affects the immune response. 
Second, this study was performed in a cohort of people with 
longstanding T1D. Many immunological studies in T1D 
have focused on the early stage of the disease, due to the im-
portant role autoimmunity plays during the disease onset. 
However, dysregulation of the immune system in T1D contin-
ues, even after the beta cells are diminished. Our study offers a 
glimpse on how long-term exposure toward T1D affect the 
immune system at multiple levels. Third, by performing the 
study on T1D, in essence a state of chronic hyperglycemia, 
we focus on the effect of glucose control on the immune 

system with less interference from other metabolic alterations 
like dyslipidemia, which occur in type 2 diabetes. 

In summary, the present study reveals a clear association be-
tween duration of diabetes and presence of complications and 
several readouts of immune activity. The impact of chronic 
glycemia (HbA1c) is present, but less apparent. Together these 
findings suggest that activation of the immune system plays a 
role in diabetes-associated long-term complications. 
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