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Abstract:

Insulin significantly influences Ca2+ signals evoked by various stimulants. In type 1 recent onset diabetes mellitus the proliferative

response of T cells is significantly decreased. The number of clinical trials exploring the role of anti-CD3 monoclonal antibodies

(mAb) as a therapeutic agent in recent onset diabetes mellitus type 1 is increasing last years. Therefore, a better understanding of the

interplay between T cell receptor (TCR) dependent Ca2+ increase, and insulin is of vital clinical significance. The aim of the study

was to assess the effect of insulin on TCR evoked Ca2+ responses in T lymphocytes obtained from healthy volunteers and patients

suffering from long lasting diabetes mellitus type 1. Analysis was performed with use of the flow cytometer. We demonstrated that

T cells ability to mobilize Ca2+ was significantly reduced in long lasting diabetes mellitus type 1. Ca2+ decrease achieved by the long

term incubation with anti-CD3 mAb in T cells from healthy volunteers was restored by insulin. Strong interrelationship between

baseline Ca2+ level and plateau phase response to TCR stimulation was observed in the cytoplasm of cells pre-incubated with insulin

from both healthy subjects and diabetic patients (r = 0.95, p < 0.0001 and r = 0.94, p < 0.0001, respectively). We postulate the exis-

tence of the interplay between TCR mediated activation and insulin. The TCR-insulin interplay is blunted in long lasting diabetes

mellitus type 1. These observations may have an important implication for future therapeutic options in diabetes.
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Abbreviations: mAb – monoclonal antibody, PBMC – periph-

eral blood mononuclear cells, T1D – type 1 diabetes mellitus,

T2D – type 2 diabetes mellitus, TCR – T cell receptor

Introduction

Insulin acts as a powerful modulator of intracellular cal-

cium (Ca2+) signaling, significantly changing effects of

various stimulants [3, 9, 10]. In newly diagnosed type 1

diabetes mellitus (T1D), T cell receptor (TCR)/CD3

complex signaling is defective, while calcium signaling

remains untouched [22]. Binding of anti-CD3 mono-

clonal antibody (mAb) to TCR increases the concentra-

tion of free cytoplasmic Ca2+ [16]. Anti-CD3 mAb, in

the absence of co-stimulation, induce adaptive tolerance

of T cells [4–6]. Experimental studies with streptozoto-

cin-induced diabetes showed that treatment with anti-

CD3 mAb could prevent autoimmune responses [7, 8].

CD3-specific antibodies appeared highly efficient in

both reversing and preventing acute allograft rejection

[7, 8]. Recently conducted phase I/II clinical trials con-

firmed good tolerability of the anti-CD3 mAb and pro-

vided evidence for a favorable therapeutic effect in pa-

tients presenting recent-onset autoimmune insulin-

dependent diabetes [13, 14].

Cell signalling pathways in patients with long his-

tory of T1D need to be elucidated. For instance,

plasma concentration of interleukin 2 is decreased in

early T1D [17, 22] and further decrease can be ob-

served in longstanding disease [11], but underlying

mechanisms remain unclear. The aim of the study was

to test the in vitro effect of exogenous insulin on intra-

cellular Ca2+ concentration in lymphocytes T obtained

from healthy subjects and patients with long history

of T1D treated with human insulin.

Patients and Methods

Patients

Heparinized blood samples of 10 ml were collected

from 20 healthy donors, aged from 19 to 45 years

(mean age 38.2 ± SE 4.1) and 20 T1D patients, aged

from 22 to 57 years (mean age 41.4 ± SE 3.4).

Healthy volunteers were free from any ongoing dis-

eases and were not under any therapy for at least

3 months. In the group of T1D patients average dura-

tion of diabetes mellitus type 1 was of 17.0 ± SE 3.2

years, average duration of insulin treatment of 16.3 ± SE

3.2, and blood glucose level was well controlled (gly-

cated hemoglobin within normal range during last

6 months). Out of the both groups, subjects with

medical history of any metabolic and immunologi-

cally mediated disorder, hypertension or malignancies

were excluded. All enrolled subjects gave informed

consent for participation in the study. The Ethical

Committee of the Medical University of Warsaw ap-

proved the study protocol.

Cells and reagents

Human peripheral blood mononuclear cells (PBMC)

were isolated from heparinized blood by centrifugation

over a Ficoll-Histopaque gradient (Sigma-Aldrich, St.

Louis, MO, USA). Cells were divided into aliquots

and then pelleted and resuspended at 1–2 × 107/ml in

RPMI-1640 medium, pH 7.4 (Sigma-Aldrich, St. Louis,

MO, USA), containing 5% fetal bovine serum (FBS,

Sigma-Aldrich, St. Louis, MO, USA).

Fluo-3 and Fura Red acetoxymethyl esters (Mo-

lecular Probes, Eugenie, OR, USA), prepared as

10 mg/ml DMSO stock solutions, insulin (generous

gift from Bioton, Warszawa, Poland) in a concentra-

tion of 40 IU/ml and anti-CD3 mAb (Invitrogen,

Carlsbad, CA, USA) in a concentration of 5 µg/ml

were used for all experiments.

Short term incubation

The cells were incubated for 45 min at 37°C in the

dark, in media containing the indicated concentration

of Fluo-3 and Fura Red acetoxymethyl esters. Then,

the cells were washed twice and re-suspended in

RPMI-1640 at a concentration of 2 × 106/ml and

divided into five aliquots. For determination of short

term effects of insulin and anti-CD3mAb the follow-

ing experimental sets were prepared for measurement:

1. cells incubated for 30 min in medium (control),

2. cells incubated for 30 min in medium enriched with

insulin,

3. cells incubated for 10 min in medium enriched with

anti-CD3,

4. cells incubated for 40 min in medium enriched with

insulin and during the last 10 min of incubation

with anti-CD3 mAb (specimen: insulin and anti-

CD3 mAb),
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5. cells incubated for 40 min with anti-CD3 mAb and

during the last 30 min of incubation with insulin

(specimen: anti-CD3 mAb and insulin).

Long term incubation

Isolated PBMC were cultured for 24 h in medium with

anti-CD3 mAb, insulin or in pure medium (control) in

the incubator (5% CO2, 95% humidity) at 37°C. After

24 h, the cells were removed from the incubator and

stained with fluorescent dyes as for the short term incu-

bation (45 min at 37°C in the dark, in media containing

Fluo-3 and Fura Red acetoxymethyl esters, washed

twice and re-suspended in RPMI-1640 at a concentra-

tion of 2 × 106/ml). Viability of cells was assessed in

microscopic examination after staining with trypan

blue. Only suspensions exceeding 95% of viable cells

were used for further investigation.

The following experimental sets were prepared for

the assessment of long term effect of insulin and anti-

CD3 mAb:

1. cells incubated for 24 h in RPMI-1640 (control),

2. cells incubated for 24 h in medium enriched with

insulin,

3. cells incubated for 24 h in medium enriched with

anti-CD3,

4. cells incubated for 24 h in medium enriched with

insulin and during the last 10 min of incubation

with anti-CD3 mAb (specimen: insulin and anti-

CD3 mAb),

5. cells incubated for 24 h in medium enriched with

anti-CD3 mAb and during the last 30 min of incu-

bation with insulin (specimen: anti-CD3 mAb and

insulin).

The same environment and concentrations of

stimulants were used in both short and long time incu-

bated samples. Time intervals were established ac-

cording to observations from previous experiments

and experience of other authors [6, 12].

Cytosolic Ca2+ measurements

Analysis was performed with the use of the Epics XL

Flow Cytometer (Beckman-Coulter, Hialeah, FL, USA)

equipped with an argon ion laser, as previously de-

scribed [9, 10, 24]. Briefly, PBMC were gated from

monocytes on the basis of forward (FS) vs. side (SS)

scatter. Fluo 3 and Fura Red were excited at 488 nm,

Fluo 3 emission was detected at 515–535 nm and Fura

Red emission was detected at 665–685 nm. Cells were

analyzed at 37°C at typical rates of 400 to 600 cells/s.

Data were collected on histograms displaying

Fluo-3 and Fura Red fluorescence with linear amplifi-

cation. To minimize single dye bias Fluo-3/Fura Red

index was calculated [15]. Control Ca2+ concentration

was read from calibration curves presenting Fluo-3/

Fura Red index as a function of Ca2+ concentrations

[15]. Mean responses were calculated from every

sample and results are presented as a percent of con-

trol Ca2+ concentration or Fluo-3/Fura Red index val-

ues. Furthermore, correlation and regression analysis

was performed between:

1. control Ca2+ concentration and rate of the response

to insulin (30 min) and anti-CD3 mAb (10 min),

2. Ca2+ concentration in cells pre-treated with insulin

(30 min) and rate of response to subsequent simulta-

neous treatment with insulin and anti-CD3 (10 min).

Statistical analysis

Statistical analysis was performed with the use of

Statistica 6.0 commercial package. Each result was

calculated as a mean ± SE. Results were compared

with the use of Student’s t-test or non-parametric

Mann-Whitney U test. The Spearman test was used

for the analysis of correlations between different pa-

rameters. Value of p < 0.05 was considered statisti-

cally significant.

Results

Insulin modulates TCR response of human

lymphocytes from healthy subjects

Mean cytosolic Ca2+ concentration in cells obtained

from healthy subjects was 92.0 ± 2.6 nM. Short treat-

ment with insulin did not affect intracellular Ca2+ con-

centration (insulin vs. control) (Tab. 1). However, in-

sulin significantly enhanced the Ca2+ response when

added to cells pre-incubated with anti-CD3 mAb

(anti-CD3 + insulin vs. control) (Tab. 1). Short incu-

bation with anti-CD3 mAb resulted in Ca2+ increase

(anti-CD3 vs. control). This increase was blunted in

lymphocytes pre-treated with insulin (insulin + anti-

CD3 vs. control) (Tab. 1). Correlation and regression

analysis revealed strong correlation between Ca2+

concentration after treatment with insulin and subse-

quent response to anti-CD3 mAb (r = 0.95, p < 0.0001).
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Tab. 1. Fluorescence of lymphocytes T from healthy subjects after short term stimulation with anti-CD3 mAb (10 min) and insulin (30 min)

Fluorochrom Control Insulin
(30 min)

Anti-CD3
(40 min) + insulin

(30 min)*

Anti-CD3
(10 min)

Insulin
(40 min) + anti-CD3

(10 min)**

Fluo 3 7.2 ± 0.5 8.0 ± 0.8 9.3 ± 0.6 8.2 ± 0.6 8.2 ± 0.7

Fura Red 15.2 ± 1.7 14.9 ± 1.6 15.2 ± 1.5 14.3 ± 1.5 15.0 ± 1.7

Fluo 3/Fura
Red

0.47 ± 0.1 0.54 ± 0.1
p > 0.05

vs. control

0.61 ± 0.1
p < 0.01

vs. control

0.57 ± 0.1
p < 0.01

vs. control

0.55 ± 0.1
p > 0.05

vs. control

* Insulin stimulation (30 min) was repeated in cells previously treated with anti-CD3 mAb (10 min). ** Anti-CD3 stimulation (10 min) was re-
peated in cells previously treated with insulin (30 min). The results are given as average value of light intensity emission index Fluo 3/Fura Red
(n = 20) ± SE

Tab. 2. Fluorescence of lymphocytes T from healthy subjects after long term stimulation (24 h) with insulin and anti-CD3 mAb

Fluorochrom Control Insulin
(24 h)

Anti-CD3
(24 h) + insulin

(30 min)**

Anti-CD3
(24 h)

Insulin
(24 h) + anti-CD3

(10 min)*

Fluo 3 8.0 ± 0.6 8.5 ± 0.8 9.0 ± 0.9 6.7 ± 0.6 9.4 ± 0.9

Fura Red 12.3 ± 1.8 11.7 ± 1.7 12.8 ± 1.6 12.3 ± 1.7 12.6 ± 1.9

Fluo 3/Fura
Red

0.65 ± 0.1 0.73 ± 0.2
p > 0.05

vs. control

0.70 ± 0.2

p < 0.0001
vs. anti-CD3

0.54 ± 0.1
p < 0.001
vs. control

0.75 ± 0.2
p < 0.01

vs. control

* Anti-CD3 stimulation (10 min) was repeated in cells previously treated with insulin (24 h). ** Insulin stimulation (30 min) was repeated in cells
previously treated with anti-CD3 mAb (24 h). The results are given as average value of light intensity emission index Fluo 3/Fura Red (n = 20) ± SE

Fig. 1. Comparison of fluorescence of
T lymphocytes from healthy subjects
and patients suffering from T1D after
short term stimulation with insulin
(30 min) and anti-CD3 mAb (10 min).
The results are given as average value
of light intensity emission index Fluo
3/Fura Red (n = 20). * p < 0.001



Insulin abolishes effects of TCR activation

Long term incubation with insulin did not alter Ca2+

concentration (insulin vs. control) (Tab. 2). Long term

stimulation with anti-CD3 mAb significantly dimin-

ished intracellular Ca2+ concentration (anti-CD3 vs.

control) (Tab. 2). After short (30 min) incubation with

insulin cytosolic Ca2+ was restored. Correlation and re-

gression analysis revealed a strong correlation between

Ca2+ concentration after preincubation with insulin and

the response to anti-CD3 mAb (r = 0.94, p < 0.0001).

Long term type 1 diabetes decreases Ca2+

concentration in lymphocytes and diminishes

responses to insulin and anti-CD3 treatment

Control cytosolic Ca2+ concentration was significantly

lower in cells obtained from type 1 diabetic patients

comparing to healthy subjects (92.0 ± 2.6 nM vs. 64 ±

3.1 nM, p < 0.001). The response of T cells from T1D

patients to stimulation with insulin and anti-CD3

mAb was also significantly diminished (Fig. 1). The

effect of insulin alone on cells from diabetic subjects

was statistically non-significant (data not shown).

Twenty four hours incubation with anti-CD3

mAb restores normal response of lymphocytes

from type 1 diabetic patients

A 24 h incubation of lymphocytes obtained from T1D

patients increased control Ca2+ concentration, as well

as restored the response to insulin and anti-CD3 mAb

to the level comparable to healthy subjects.

Discussion

In the present study the effect of insulin on TCR

evoked Ca2+ responses in T lymphocytes obtained

from healthy volunteers and patients suffering from

long lasting diabetes mellitus type 1 was evaluated.

The concentration of insulin used for the experiments

was within the physiological range, although we are

aware that it is difficult to mimic physiological condi-

tions as insulin concentration varies during the day

and highly depends on glucose intake. The enrolled

T1D patients were treated with human exogenous in-

sulin, had well controlled blood glucose levels (gly-

cated hemoglobin within normal range during last

6 months), did not suffer from hypertension and were

not treated with converting enzyme inhibitors (19).

Anti-CD3 antibodies, but not co-stimulatory anti-

CD28, were used for in vitro stimulation to mimic the

conditions observed in vivo [3, 6].

Short and long term stimulation with insulin did

not influence Ca2+ concentration in PBMC obtained

either from healthy subjects or from T1D patients.

This is in line with the observation that insulin in

physiological concentrations triggers only minimal

changes in Ca2+ concentration or Ca2+ fluxes [6, 9,

10]. In the examined group of T1D patients the mean

Ca2+ concentration in T cells was significantly lower

than in healthy subjects. We have previously reported

that the mean Ca2+ concentration was decreased in

neutrophils obtained from T1D patients [9]. However,

to the best of our knowledge this is the first study to

demonstrate such effect in T cells.

Sustained elevation of intracellular Ca2+ concentra-

tion in T lymphocytes is necessary for activation of

calcium/calcineurin, induction of NFAT dephosphory-

lation, NFAT translocation to the nucleus, and subse-

quent regulation of cytokine gene expression [1, 2]

and cytokine production [1, 21]. The time period nec-

essary to achieve sustained elevation of Ca2+ concen-

tration was defined earlier. We found that after 10 min

of stimulation with anti-CD3 mAb, Ca2+ concentra-

tion was stable and durable. Short time pre-treatment

with insulin abolished Ca2+ increase produced by

anti-CD3 mAb. Simultaneously, in cells shortly pre-

treated with anti-CD3, insulin acted synergistically

with anti-CD3 further elevating Ca2+ concentration.

We suggest two parallel mechanisms of insulin ac-

tion: resting cells are protected from activation, but in

already pre-activated T lymphocytes insulin supports

this status.

Long term treatment with anti-CD3 mAb induces T

cell tolerance [5–8, 13, 14]. We demonstrated that in

lymphocytes obtained from healthy volunteers, 24 h

exposure to anti-CD3 mAb decreased intracellular

Ca2+ concentration. Such a decrease may constitute

one of the possible mechanisms of TCR induced tol-

erance [20, 21]. It is of interest that short treatment

with insulin normalized intracellular Ca2+ concentra-

tion. This is an important finding as anti-CD3 anti-

bodies are widely used as therapeutic agent in several

immune related diseases [7, 8] and its efficacy was

confirmed in clinical trials [13, 14]. Therefore, insulin

related disturbances in T cells signaling may contrib-

ute to success or failure of the implemented therapy.
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To establish how long lasting T1D influences intra-

cellular Ca2+ metabolism, we performed the same set

of experiments with the use of T cells obtained from

T1D patients. Ca2+ responses to short-time preincuba-

tion with all combinations of stimulants (insulin,

anti-CD3 mAb, insulin + anti-CD3 mAb, anti-CD3

mAb + insulin) were significantly lower. This obser-

vation may, at least partly, explain the relationship be-

tween reduced calcium mobilization, declined cyto-

kine production [12, 22], and subsequent impairment

of host defense abilities leading to increased suscepti-

bility to infections in T1D [12]. Long term preincuba-

tion of T cells from diabetics with control, insulin en-

riched and anti-CD3 mAb enriched medium increased

Ca2+ concentrations to values seen in healthy subjects.

The fact that the increase occurred independently of

insulin indicates that the reduced Ca2+ mobilization in

these patients was, in part, unrelated to hypoinsuline-

mia. Moreover, we enrolled a group of patients with

well controlled blood glucose in the present study.

This can confirm the observation in vitro that lack of

insulin is not the primary factor responsible for cal-

cium disturbances. As T1D is an inflammatory dis-

ease, observed intracellular Ca2+ changes might be

also related to local production of inflammatory me-

diators [24–28]. This notion is supported by experi-

mental data demonstrating limited ability of cells to

respond to stimulatory factors after prolonged preacti-

vation [18, 25]. Nevertheless, mechanisms leading to

reduced intracellular Ca2+ mobilization in type 1 dia-

betes need to be further clarified.

Although experiments were not performed on iso-

lated T lymphocyte populations, it is generally ac-

cepted that anti-CD3 mAb stimulation is limited ex-

clusively to TCR. Additionally, insulin exerts its ef-

fects in vivo not only on T lymphocytes, but on all

cells expressing insulin receptors. Therefore, we

aimed at assessing insulin/TCR interactions in an en-

vironment resembling in vivo conditions. Neverthe-

less, we cannot exclude that T lymphocytes were also

affected by factors produced by other cells, for in-

stance cytokines excreted by B lymphocytes, mono-

cytes and basophils, and these agents might have in-

fluenced intracellular calcium balance.

Our results indicate the existence of an intriguing

interplay between insulin and TCR mediated activa-

tion. Our data show that insulin acts as a potent modu-

lator of calcium signaling in T lymphocytes from

healthy volunteers while long term T1D significantly

affects Ca2+ metabolism and reduces insulin ability to

perform the abovementioned role.

Conclusions

1. Insulin exerts modulatory effect on intracellular

calcium concentration in T lymphocytes.

2. Ca2+ concentration and T cell ability to mobilize

Ca2+ is significantly impaired in long lasting T1D.

3. Insulin reverses Ca2+ decrease in T cells and re-

stores the ability of T lymphocytes from T1D pa-

tients to generate Ca2+ signals.

4. As insulin-dependent signaling pathways have not

yet been fully elucidated, the present observations

may have an important influence on the under-

standing the pathogenesis of type I diabetes as well

as add to the development of novel therapies that

target to improve glucose homeostasis.
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