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Abstract
It has been suggested that the persistence of coxsackieviruses-B (CV-B) in pancreatic beta cells plays a role in the patho-
genesis of type 1 diabetes (T1D). Yet, immunological effectors, especially natural killer (NK) cells, are supposed to clear 
virus-infected cells. Therefore, an evaluation of the response of NK cells to pancreatic beta cells persistently infected with 
CV-B4 was conducted. A persistent CV-B4 infection was established in 1.1B4 pancreatic beta cells. Infectious particles were 
found in supernatants throughout the culture period. The proportion of cells containing viral protein VP1 was low (< 5%), 
although a large proportion of cells harbored viral RNA (around 50%), whilst cell viability was preserved. HLA class I cell 
surface expression was downregulated in persistently infected cultures, but HLA class I mRNA levels were unchanged in 
comparison with mock-infected cells. The cytolytic activities of IL-2-activated non-adherent peripheral blood mononuclear 
cells (PBMCs) and of NK cells were higher towards persistently infected cells than towards mock-infected cells, as assessed 
by an LDH release assay. Impaired cytolytic activity of IL-2-activated non-adherent PBMCs from patients with T1D towards 
infected beta cells was observed. In conclusion, pancreatic beta cells persistently infected with CV-B4 can be lysed by NK 
cells, implying that impaired cytolytic activity of these effector cells may play a role in the persistence of CV-B in the host 
and thus in the viral pathogenesis of T1D.
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Introduction

Enteroviruses are small, non-enveloped, positive single-
stranded RNA viruses belonging to the Picornaviridae fam-
ily [1]. The genus Enterovirus encompasses seven human 
pathogenic species (Human enterovirus A-D and Human 
rhinoviruses). Enteroviruses, especially coxsackievirus B 
(CV-B) (Human enterovirus B), are suspected to play a 
role in the development of chronic diseases such as type 
1 diabetes (T1D) [2, 3]. Indeed, the frequent detection of 
enteroviral components (protein and RNA) in the serum, 
intestinal mucosa, pancreas and peripheral blood cells of 
diabetic patients supports the role of persistent infection in 
the pathogenesis of the disease [4–10]. CV-Bs are able to 
establish a persistent infection in duct-like cells and pancre-
atic cells in vitro with structural and functional changes in 
these cells [11–13]. Persistent non-cytopathic CV-B infec-
tion of human pancreatic islets can induce the production 
of interferon (IFN)-α and hyper expression of HLA class 
I molecules by endocrine cells, resulting in insulitis and 

Cellular and Molecular Life Sciences

 * Didier Hober 
 didier.hober@chru-lille.fr

1 Université de Lille, Faculté de Médecine, CHU de Lille, 
Laboratoire de Virologie EA3610, 59000 Lille, France

2 Université d’Abomey-Calavi, Faculté des Sciences et 
Techniques, Institut des Sciences Biomédicales Appliquées 
(ISBA), Laboratoire de Biologie et Physiologie Cellulaires, 
01 BP 526, Cotonou, Benin

3 Université de Lille, INSERM U995, LIRIC-Lille, CHU de 
Lille, Institut d’Immunologie, 59000 Lille, France

4 Polyclinique, Service de Médecine Programmée, 
62000 Henin-Beaumont, France

5 Laboratoire de Virologie EA3610, Centre Paul Boulanger, 
Hôpital A Calmette, CHRU, Boulevard du Professeur Jules 
Leclercq, 59037 Lille Cedex, France

http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-019-03168-4&domain=pdf


180 M. P. Nekoua et al.

1 3

destruction of beta cells by cytotoxic T cells [7, 13, 14]. 
Virus-infected cells can escape recognition and destruction 
by cytotoxic T cells by a reduction of cell surface expression 
of HLA class I antigen, but they can nevertheless be killed 
by NK cells. The cytolytic activity of NK cells is modulated 
by activating and inhibiting signals provoked by interactions 
between target cells and NK cell receptors [15, 16]. NK cells 
represent a first defense line against viruses based on their 
cytolytic activity towards infected cells and their interac-
tions with the innate and adaptive immune system through 
the release of cytokines such as IFN-γ [17, 18]. Pancreatic β 
cells of recent-onset type 1 diabetic patients were found to be 
infected with CV-B4, and nondestructive insulitis with a pre-
dominant NK cell infiltration was reported [19]. Other stud-
ies have reported the cytolytic activity of NK cells towards 
cells infected with various families of viruses includ-
ing Picornaviridae [20, 21]. NK cells exhibited cytolytic 
activity against cells acutely infected with CV-B3 in mice 
[22, 23], but not in humans [24]. By contrast, the immune 
response to persistent CV-B infection remains an open issue. 
An improved understanding of the clearance of pancreatic β 
cells persistently infected with CV-B4 in patients with T1D 
could provide new insights into the enteroviral pathogenesis 
of the disease. The aim of this study was to evaluate the 
response of NK cells towards pancreatic beta cells persis-
tently infected with CV-B4.

Materials and methods

Cell lines and virus

HEp-2 cells (BioWhittaker, Vervier, Belgium), MRC-5 
cells (Human embryonic lung fibroblasts ATCC ® CCL-
171™, Biomerieux, Marcy l’Etoile, France) and 1.1B4 
cells (Human pancreatic beta cell lines ECACC 10012801) 
were routinely cultured at 37 °C in 5%  CO2 in, respectively, 
Eagle’s minimum essential medium (MEM) and in RPMI-
1640 medium  (Gibco®, Invitrogen, UK), supplemented with 
10% inactivated fetal calf serum (FCS), 1% l-glutamine, 
1% nonessential amino-acids (Gibco-BRL), penicillin (100 
U/mL) and streptomycin (100 mg/mL) (Invitrogen, Saint 
Aubin, France). In our experiments 1.1B4 cells did not 
respond to glucose. Neither insulin nor pro-insulin could 
be detected in supernatants of cell cultures (mock-infected) 
and insulin mRNA was not found in cells. The human ductal 
cell line Panc-1 (ATCC ® CRL-1469™) was cultured in Dul-
becco’s modified Eagle’s medium DMEM 4.5 g/L glucose 
(Invitrogen, France) supplemented with 10% FCS, 1% l-glu-
tamine and 1% penicillin and streptomycin [11]. CV-B4 E2, 
the diabetogenic strain of coxsackievirus B4, (kindly pro-
vided by Ji-Won Yoon, Julia McFarlane Diabetes Research 
Center, Calgary, Alberta, Canada) was propagated in HEp-2 

cells as previously described [11]. Aliquots of virus prepara-
tions were stored at − 80 °C.

Chronic cell infections and viral progeny 
in supernatants

A persistent infection in 1.1B4 cells with CV-B4 was 
obtained as previously described by our team [11, 12]. 
Briefly, 1.1B4 cells were harvested and seeded at 1.25 × 105 
cells per well in 24-well plates and infected with CV-B4 
at a multiplicity of infection (MOI) of 0.01. After incuba-
tion for 24 h post-infection at 37 °C, in a humidified atmos-
phere with 5%  CO2, cells were washed three times with cold 
RPMI-1640 medium to find equilibrium between viral repli-
cation and cell proliferation during the acute lytic infection. 
CV-B4 infected and mock-infected cell cultures were then 
seeded in vented tissue culture flasks (Becton–Dickinson, 
France). The cells were scraped and sub-cultured once a 
week and followed-up for more than 70 weeks. Harvested 
culture supernatants were stored at − 80 °C for viral progeny. 
The viral titers in supernatants of chronically infected cells 
were assessed on HEp-2 cell monolayers using the end-point 
dilution assay and the Reed–Muench statistical method was 
used to determine the tissue culture 50% infectious dose 
 (TCID50). The results were expressed as  TCID50/mL. The 
cells’ viability was assessed using Uptiblue™ viable cell 
counting reagent (Uptima, Interchim, Montluçon, France) 
and the trypan blue exclusion assay (Sigma), as routinely 
described.

Immunofluorescence

Mock-infected and CV-B4-infected 1.1B4 cells were har-
vested by scraping and seeded on sterile glass slides  (105 
cells/slide) and allowed to adhere for overnight at 37 °C and 
5%  CO2. The presence of intracellular viral capsid protein 
VP1 in CV-B4-infected 1.1B4 cells was investigated regu-
larly by immunofluorescence as previously described [9, 11] 
using a primary mouse anti-enterovirus antibody, VP1 clone 
5D8/1 (DAKO, Les Ulis, France), and a secondary rabbit 
anti-mouse antibody conjugated with Alexa Fluor™ 488 
(Invitrogen, France).

Mock-infected and persistently infected 1.1B4 cells were 
double-stained for HLA class I antigen and for VP1 analysis 
with rabbit anti-human HLA class I ABC (1:50 dilution) 
(15240-1-AP, Proteintech, USA) and with mouse anti-enter-
ovirus VP1 clone 5D8/1 antibodies (1:100 dilution), respec-
tively. The respective secondary antibodies (1:400 dilu-
tions): Alexa Fluor™ 488-conjugated goat anti-rabbit IgG, 
and rabbit anti-mouse conjugated with Alexa Fluor™ 647, 
were then applied sequentially. Cell nuclei were revealed by 
Hoescht dye solution (Sigma-Aldrich). The slides were then 
mounted with Permafluor (Coulter Immunotech, Marseille, 
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France), and positive cells were visualized with specific 
detector filters using a Leica DMI8 videomicroscope.

Sn‑RT‑PCR applied directly on a few cells

Mock and CV-B4-infected 1.1B4 cells were washed eight 
times with cold PBS and harvested with trypsin–EDTA 
5 min at 37  °C. Viable cells were counted with trypan 
blue and diluted to obtain an average of  105 cells/mL. Cell 
suspensions were then serially twofold diluted in PBS on 
96-well microtiter plates, to obtain around 6, 5, 3, 2 and 1 
cell per tube. Intracellular enteroviral RNA from a few cells 
was obtained without extraction and was detected by a RT-
PCR step followed by a semi-nested (Sn)-PCR carried out 
using Perkin Elmer Applied Gene Amp PCR System 2400 
thermocycler as previously described by our team [11].

Blood collection and effector cells isolation

Buffy coats were obtained from healthy donors at the 
Regional Blood Bank (Lille, France) after their informed and 
written consent. Seven patients (mean age 37.0 ± 16.7 years 
old) previously diagnosed with T1D and ten control subjects 
comparable for age (mean age 34.9 ± 13.2 years old) and 
sex, were enrolled after their informed and written consent. 
The disease duration was 13.2 ± 8.4 years. At the time of 
sampling, all patients were on insulin therapy and exhibited 
mean glycosylated hemoglobin (HbA1c) of 9.7 ± 2.4%. T1D 
patients with neurological or micro- and macro-vascular 
complications were excluded from this study. Participants 
with infectious, acute or chronic diseases, pregnancy or on 
medications were also excluded. Whole blood of subjects 
was collected by venipuncture into sterile BD  Vacutainer® 
sodium heparin tubes (Becton–Dickinson, CA, USA). 
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from buffy coats and whole blood by density gradient 
centrifugation using  Ficoll® Paque Plus (GE Healthcare, 
Vélizy-Villacoublay, France), as described previously [25]. 
Cells were then suspended in RPMI-1640 culture medium 
(Gibco BRL, Thermo Fischer Scientific, Villebon sur Yvette, 
France) supplemented with 10% complement-inactivated 
fetal calf serum (FCS), 1% non-essential amino acids, 50 µg/
mL penicillin, 100 U/mL streptomycin and 2 mM l-glu-
tamine. The concentration of viable cells was assessed by 
trypan blue staining and an average of  107 cells per well was 
distributed in a  Falcon® polystyrene six-well plate (Fischer 
Scientific, Illkirch-Graffenstaden, France).

The plastic adherence method was used to deplete 
monocytes from the PBMCs as described previously [26]. 
Purified  CD56+ (NK cells) and  CD3+ (T lymphocytes) 
fractions were isolated from non-adherent PBMCs using 
EasySep™ human immunomagnetic cell isolation kits 
(StemCell Technologies, Grenoble, France), according 

to the manufacturer’s protocol. The purity of each sepa-
rated cell subset and the proportion of NK cells in PBMCs 
of T1D patients and control subjects was assessed by 
flow cytometry using staining with anti-CD56-PE, anti-
CD16-APC and anti-CD3-FITC-conjugated antibodies 
(Becton–Dickinson, Mountain View, CA, USA) (data 
not shown). In all experiments, the mean proportions of 
 CD3−CD56+ and  CD3+CD56− cells in the isolated frac-
tions were 92.6 ± 4.9% and 98.2 ± 1.5%, respectively. To 
obtain activated cells, non-adherent PBMCs,  CD56+ and 
 CD3+ cells were cultured in RPMI-1640 medium for 72 h 
at 37 °C, 5%  CO2 with 1000 U/mL of recombinant human 
IL-2 (PreproTech, Neuilly-Sur-Seine, France) prior to their 
use in cytotoxicity assays as effector cells.

Cytolytic assay and IFN‑γ production

Cytolytic activity of effector cells against HEp-2, Panc-1, 
MRC-5 and 1.1B4 cell lines was evaluated with a lactic 
acid dehydrogenase (LDH) release assay. Mock and CV-
B4-infected cells (target cells) were harvested 12 h and 
23–58 weeks post-infection and 70 weeks post-infection 
and seeded at 2 × 104 cells per well into 96-well flat-bottom 
plates and allowed to adhere to plastic for 12 h at 37 °C and 
5%  CO2. Prior to the assay, effector and target cells were 
washed in RPMI-1640 medium without phenol red, sup-
plemented with 1% FCS and 100 µL of this medium was 
added to target cells. 100 µL of effector cells was then added 
in triplicate to target cells with various effector: target cell 
ratios (E:T) (5:1, 10:1, 20:1 and 40:1) and plates were cen-
trifuged at 500 rpm for 2 min and incubated at 37 °C in a 
humidified 5%  CO2 atmosphere. After 5 h of incubation, 
100 µL of supernatant was collected and the amount of LDH 
released from the cytosol of damaged cells was immedi-
ately measured using an LDH cytotoxicity detection kit Plus 
(Roche Applied sciences, Mannheim, Germany) according 
to the manufacturer’s instructions. Spontaneous LDH release 
was determined by incubating target cells in medium with-
out effectors, and maximal LDH release was determined 
by lysis of target cells in 1% Triton X-100 (Sigma). The 
percentage of cell-mediated cytolysis was determined with 
average absorbance of the triplicate samples by applying the 
formula: % cytolysis = [(sample LDH release − spontaneous 
LDH release)/(maximal LDH release − spontaneous LDH 
release)] × 100.

IL-2-activated non-adherent PBMCs cells were cultured 
either in the absence or in the presence of mock-infected or 
persistently infected 1.1B4 cells 52 weeks post-infection at 
37 °C, 5%  CO2 (effector: target cell ratio = 40:1). 5 h and 
24 h later, supernatants were harvested for quantification of 
IFN-γ with a Human IFN-γ ELISA kit  (Peprotech®) accord-
ing to the manufacturer’s instructions.
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Flow cytometry and viability measurements

The cell surface expression of Human Leukocyte Antigens 
(HLA)-class I molecules on mock-infected and CV-B4-in-
fected 1.1B4 cells was determined. Cells were trypsinized, 
washed twice in FACS buffer (PBS supplemented with 2% 
FCS and 1 mM EDTA), and incubated with monoclonal 
mouse anti-human HLA-ABC-FITC (Clone B9.12.1, Beck-
man Coulter, Marseille, France) for 30 min at 4 °C in the 
dark. The cells were then washed twice with PBS, fixed in 
0.5% paraformaldehyde, and analyzed by flow cytometry 
on a Navios Flow cytometer (Beckman Coulter, Inc.). The 
influence of IFN-γ on HLA class I expression of 1.1B4 cells 
was evaluated. Mock and CV-B4-persistently infected 1.1B4 
cells were cultured in presence or in absence of 100 U/mL 
of human recombinant IFN-γ  (Peprotech®) for 48 h. The 
cell surface expression of HLA class I molecules on 1.1B4 
cells was determined by flow cytometry as described above.

For intracellular detection of viral double-stranded RNA 
(dsRNA) and viral capsid protein VP1, trypsinized 1.1B4 
cells were first fixed and permeabilized with BD Cytoperm/
Cytofix for 20 min at 4 °C. Then, after two washes with BD 
Cytoperm/Wash, cells were incubated with primary antibod-
ies diluted in BD Cytoperm/Wash: 1:200 of mouse mono-
clonal J2 anti-dsRNA IgG2a antibody (Scicons English & 
Scientific Consulting Bt, Hungary) or 1:4000 of mouse anti-
enterovirus VP1 clone 5D8/1 (DAKO, Les Ulis, France). 
After two washes with Cytoperm/Wash, the cells were 
stained with a 1:400 dilution of Alexa Fluor™ 488-con-
jugated rabbit anti-mouse IgG antibody (Invitrogen), and 
analyzed by flow cytometry.

Adherent mock-infected or CV-B4-infected 1.1B4 cells 
58 weeks post-infection were cultured for 1 h in the absence 
or in the presence of IL-2-activated non-adherent PBMCs 
at effector/target ratios of 10:1. Effector cells were subse-
quently removed by aspiration and 1.1B4 cells were washed 
twice with PBS. 1.1B4 cells were then harvested using 
Accutase™ Cell Detachment Solution (BD Biosciences). 
On the one hand, apoptotic or necrotic cells were evaluated 
with Annexin V APC (BD Pharmingen™) and propidium 
iodide (PI) (BD Pharmingen™) staining, according to the 
manufacturer’s protocol, and analyzed by flow cytometry. 
On the other hand, 3.106 1.1B4 cells were resuspended in 
cell lysis buffer and Caspase-3 activity was measured using 
ApoAlertTM Caspase-3 colorimetric Assay Kit (Clontech, 
Mountain View, CA). Briefly, 50 µL cell lysates were incu-
bated with 50 µL 2X reaction buffer/DTT mix containing 
5 µL caspase-3 substrate (DEVD-pNA) for 1 h at 37 °C. 
1 µL Caspase-3 inhibitor (DEVD-fmk) was used as control 
to confirm the specificity of the assay. Absorbance was read 
at 405 nm with a microplate reader and caspase-3 activity 
(units) quantification was determined with pNA calibration 
curve according to the manufacturer’s instructions.

Mock and CV-B4-persistently infected 1.1B4 cells 
58 weeks post-infection were grown on sterile glass slides. 
After 2 h of culture in the absence or the presence of IL-
2-activated non-adherent PBMCs on the slides at effector/
target ratios of 10:1, effector cells were then removed and 
1.1B4 cells were washed, fixed with 4% paraformaldehyde, 
and permeabilized with cold methanol/acetone. Cells were 
incubated for 5 min at room temperature with 1 µg/mL 
Hoechst 33342 solution (Thermo Scientific™) to study 
morphological features of apoptosis (chromatin condensa-
tion and fragmentation of the nucleus). Stained cells were 
visualized with a fluorescence microscope (Leitz Diaplan, 
Wetzlar, Germany).

Quantification of HLA class I mRNA expression

Total RNA was extracted from mock and CV-B4-infected 
1.1B4 cells using  TriReagent® RNA isolation reagent/
chloroform procedure (Sigma). Extracted RNA was dis-
solved in 50 μL of nuclease-free water and quantified with 
a  Nanodrop® spectrophotometer (Thermofisher Scientific). 
After a DNA enzymatic digestion performed on RNA 
extracts as previously described [25, 26], the RNA retro-
transcription was performed using  Affinityscript® QPCR 
cDNA Synthesis kit (Agilent technologies, Les Ulis, 
France) on a Perkin Elmer 2400 thermocycler (Villebon-
sur-Yvette, France).

HLA class I mRNA was quantified on the  Mx3000p® 
(Stratagene) by real-time quantitative polymerase chain 
reaction (qPCR) using a Brilliant II  SYBR® Green QPCR 
Master Mix (Agilent technologies, Les Ulis, France) 
according to the manufacturer’s instructions. The primer 
sequences used for HLA class I mRNA were as follows: 
forward, 5′-CCT ACG ACG GCA AGG ATT AC-3′; reverse, 
5′-TGC CAG GTC AGT GTG ATC TC-3′. Those for beta-
actin gene (used as endogenous control for normalization) 
were as follows: forward, 5′-TTG CCG ACA GGA TGC AGA 
A-3′; reverse, 5′-GCC GAT CCA CAC GGA GTA CT-3′. HLA 
class I mRNA relative expression in mock as compared 
to CV-B4 infected 1.1B4 cells was determined with the 
 2−ΔΔCt formula [27]. All reactions were performed in 
triplicate.

Data and statistical analyses

Data analyses were performed using Graph Pad Prism 6.0 
(Graph Pad Inc, CA, USA). Results are presented as mean 
values ± standard deviation. The Mann–Whitney U test and 
the Kruskal–Wallis test were used when appropriate. p val-
ues < 0.05 were considered to indicate statistically signifi-
cant differences.
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Fig. 1  Persistent infection of pancreatic beta cells with CV-B4. A 
persistent infection was established in pancreatic beta cells (1.1B4 
cell line) with CV-B4 at multiplicity of infection (MOI) of 0.01. a 
Viral titers in supernatants of CV-B4 infected 1.1B4 cell culture at 
various times post-infection (p.i.). The results were expressed as 
 TCID50/mL. The percentage of CV-B4 infected cells was deter-
mined by detection of viral capsid protein VP1 by indirect immuno-
fluorescent staining. b Mock and CV-B4-infected 1.1B4 cells’ viabil-
ity was assessed using Uptiblue™ viable cell reagent. The results 
are expressed as a viability index (ratio between the absorbance 
at a wavelength of 570 and 600  nm). c Indirect immunofluorescent 
staining. CV-B4 infected 1.1B4 cells (21  weeks p.i.) were stained 
for intracellular VP1 with mouse anti-enterovirus VP1 and Alexa 
Fluor™ 488-conjugated rabbit anti-mouse IgG antibody (original 
magnification × 20). Pictures from one representative experiment out 

of three are shown. d Intracellular detection of VP1 and viral dsRNA 
in CV-B4 infected 1.1B4 cells by flow cytometry, using mouse anti-
enterovirus VP1 and mouse monoclonal J2 anti-dsRNA IgG2a anti-
bodies, respectively. The percentage of VP1-positive and dsRNA-pos-
itive cells was determined at 24 h p.i. at MOI 1, 58 and 70 weeks p.i. 
The results (a, b, d) are mean ± SD of three independent persistent 
infections. e Semi-nested (Sn)-PCR for intracellular enteroviral RNA 
detection in a few cells harvested at 30 and 58  weeks p.i. and dis-
tributed to obtain around 6, 5, 3, 2 and 1 cell per tube. Intracellular 
enteroviral RNA from these cells was obtained without extraction and 
was detected by a specific RT-PCR step for the positive strand of EV 
genome and for beta actin followed by a Sn-PCR. The electrophoresis 
in agarose gel of specific amplicons is presented. Results from one 
representative experiment out of three are shown
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Results

Persistent CV‑B4 infection of 1.1B4 cells

Human pancreatic 1.1B4 cells were inoculated with CV-B4 
at MOI 0.01. The viral titer increased gradually during the 
acute infection step, peaking at 8.9 log  TCID50/mL on day 
11 post-infection (p.i.) (Fig. 1a). Titers of infectious par-
ticles ranging from 4 to 7.8 logs  TCID50/mL were found 
in supernatants throughout the culture period until day 300 
p.i. (Fig. 1a). The viral capsid protein VP1 of CV-B4 was 
detected in infected 1.1B4 cells cultures by immunofluores-
cence as shown in Fig. 1c. The proportion of stained cells 
was higher (42.4 ± 3.7%; n = 3) on day 8 p.i. followed by a 
decrease (5%) on day 210 p.i. (Fig. 1a). There was no sig-
nificant difference between CV-B4 and mock-infected cell 
viability monitored through metabolic activity evaluated 
by Uptiblue™ assay during the first 21 days p.i. (Fig. 1b). 
Beyond 21 days p.i., the viability of these cells was evalu-
ated using the Trypan blue dye exclusion test which dis-
played a proportion ranging from 90 to 96% of viable cells 
throughout the follow-up.

The proportion of cells containing double-stranded viral 
RNA (dsRNA) and VP1 in CV-B4 infected cultures was ana-
lyzed by flow cytometry. The percentages of dsRNA-positive 
and VP1-positive cells at 24 h p.i. (MOI 1) were around 
12.7 ± 2.6% and 10.8 ± 2.5%, respectively, but were lower at 
58 weeks of persistent infection (3.6 ± 0.9% and 3.0 ± 0.8%) 
and at 70 weeks of persistent infection (4.0 ± 2.1% and 
2.2 ± 0.9%). Considering the level of infectious particles 
in supernatants and the proportion of VP1-positive cells it 
can be estimated that less than 2 × 103 infectious particles 
were produced by each productively infected cell throughout 
the follow-up of cultures. The extent of CV-B4 infection in 
1.1B4 cells was further investigated at 30 and 58 weeks p.i. 

in a few cells distributed to obtain around one to six cells 
per tube. The presence of intracellular enteroviral RNA in 
these cells was detected by RT-PCR without RNA extrac-
tion. Thus, viral RNA was detected in all tubes containing 
six, five, three and two cells (Fig. 1e). These data suggest 
that CV-B4 can establish a persistent infection in human 
pancreatic 1.1B4 cells with at least 50% of cells that can 
harbor CV-B4 RNA.

Lysis of CV‑B4 persistently infected 1.1B4 cells 
by IL‑2‑activated non‑adherent PBMCs

The specific lysis of HEp-2 and Panc-1 cells and of mock 
and CV-B4-acutely infected MRC-5 and 1.1B4 cells co-cul-
tured with non-adherent PBMCs was investigated through 
the release of LDH in supernatants.

The extent of LDH release by mock-infected HEp-2 and 
Panc-1 cells co-cultured with IL-2-activated non-adherent 
PBMCs from healthy donors was higher compared with 
the other cells (Fig. 2a). There was no significant differ-
ence between mock and CV-B4-acutely infected MRC-5 and 
1.1B4 cells (Fig. 2a).

Mock and CV-B4-persistently infected 1.1B4 cells were 
co-cultured with resting or IL-2-activated non-adherent 
PBMCs. The specific lysis of mock or infected cells by rest-
ing non-adherent PBMCs was low (< 10% at effector: target 
cell ratio = 40:1), in contrast the specific lysis of infected 
cells by IL-2-activated non-adherent PBMCs was higher 
and there was a significant difference as compared to lysis 
of mock-infected cells in this condition (42.3 ± 11.2% vs 
18.4 ± 7.8% p = 0.015 at effector: target cell ratio of 40:1) 
(Fig. 2b).

To identify effector cells in non-adherent PBMCs 
(encompassing 15.7 ± 6.5%  CD3−CD56+ NK cells and 
76.8 ± 5.5%  CD3+CD56− T cells, n = 5) that mediated cytol-
ysis towards 1.1B4 cells persistently infected with CV-B4, 
 CD56+ (NK cells) and  CD3+ (T cells) cell fractions isolated 
from healthy donors were cultured in the presence of IL-2, 
and used in cell-mediated lysis assays as effector cells. The 
specific lysis of infected cells was much higher when they 
were co-cultured with IL-2-stimulated  CD56+ cells com-
pared with IL-2-stimulated  CD3+ cells (53.5 ± 11.1% vs 
9.1 ± 2.3%; p = 0.016) (Fig. 2c). The specific lysis obtained 
with IL-2-activated  CD56+ cells was significantly higher 
with infected cells than mock-infected cells (p = 0.028), but 
not with IL-2-stimulated  CD3+ cells (p = 0.079) (Fig. 2c). 
In Fig. 2c, the effector cells were in a medium used to sort 
 CD3−CD56+ and  CD3+CD56− cells. It was observed that 
in this medium the cytolytic activity of effector cells was 
reduced compared with regular culture medium. In addi-
tion to cytolytic activity towards infected cells, NK cells 
can contribute to antiviral immune responses through pro-
duction of cytokines such as IFN-γ. The levels of IFN-γ in 

Fig. 2  Pancreatic beta cells persistently infected with CV-B4 can be 
lysed by IL-2-activated NK cells. a HEp-2, Panc-1 cells or CV-B4 
and mock-infected MRC-5 and 1.1B4 cells 12 h post-infection at M0I 
1 were co-cultured with IL-2-activated non-adherent PBMCs from 
5 healthy donors at indicated Effector: target cell ratios. Five hours 
later, cell-mediated lysis was measured by LDH release assay. The 
results are expressed as percentage (%) of specific lysis and are pre-
sented as mean ± SD. b Mock or CV-B4-persistently infected 1.1B4 
cells harvested 23–58  weeks post-infection were co-cultured with 
resting or IL-2-activated non-adherent PBMCs from 8 healthy donors 
and cell-mediated lysis was measured as described above. c Cytolysis 
of mock and persistently infected pancreatic beta cells (23–58 weeks 
post-infection) mediated by IL-2-activated  CD56+ (NK cells) and 
 CD3+ (T lymphocytes) cell fractions isolated from non-adherent 
PBMCs of 5 healthy subjects. d IL-2-activated non-adherent PBMCs 
were cultured in absence or presence of mock or persistently infected 
pancreatic beta cells 52  weeks post-infection. Supernatants were 
harvested after 5  h and 24  h for quantification of IFN-γ by ELISA. 
The limit of detection of the test is represented by the dashed line. 
*p < 0.05 versus mock-infected cells or controls
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supernatants of IL-2-activated non-adherent PBMCs cul-
tured in the presence or absence of mock and infected 1.1B4 
cells were determined. The levels of IFN-γ were higher in 
supernatants of co-cultures than in those of cultures of IL-
2-activated non-adherent PBMCs; but the values were not 
significantly different in co-cultures of effectors with mock-
infected 1.1B4 cells or infected 1.1B4 cells (Fig. 2d).

NK cells mediate target cell killing by caspase-dependent 
apoptosis through perforin/granzyme granule exocytosis or 
TNF death receptor family members [17]. 1.1B4 cells persis-
tently infected with CV-B4 were cultured in the absence or 
presence of resting or IL-2-activated non-adherent PBMCs. 
Then, to determine the pathway of cell death, the proportion 

of apoptotic and necrotic cells was evaluated by flow cytom-
etry, using Annexin V and propidium iodide (PI) stainings. 
In this experiment, early and late apoptosis were defined 
as annexin V positive/PI negative and annexin V positive/
PI positive cells, respectively, while annexin V negative/
PI positive cells defined necrotic cells. The proportions of 
apoptotic and necrotic CV-B4 infected 1.1B4 cells were 
low (1.4 ± 0.6% and 0.3 ± 0.1%, respectively; n = 5), which 
could be a result of the infection or cell detachment proce-
dure (Fig. 3aa). The proportion of apoptotic CV-B4 infected 
1.1B4 cells co-cultured with resting non-adherent PBMCs 
was low (1.9 ± 0.4%; n = 3); in contrast, the proportion was 
significantly higher when the cells were co-cultured with 

Fig. 3  Markers of apoptosis investigated in pancreatic beta cells per-
sistently infected with CV-B4 co-cultured with IL-2-activated non-
adherent PBMCs. Pancreatic beta cells persistently infected with 
CV-B4 58 weeks post-infection were cultured in absence or presence 
of resting or IL-2-activated non adherent PBMCs at Effector: Target 
cell ratio = 10:1. One hour later, PBMCs were removed and pancre-
atic beta cells were then washed and harvested. a The proportion 
of apoptotic or necrotic pancreatic beta cells was evaluated by flow 
cytometry, using Annexin V APC and propidium iodide (PI) staining. 
Results from one representative experiment out of three are shown. 

b Caspase-3 activity was quantified in pancreatic beta cells (1.1B4) 
lysates using the colorimetric substrate DEVD-pNA. Caspase-3 
inhibitor DEVD-fmk was used to confirm the specificity of the assay. 
Absorbance was read at 405  nm and caspase-3 activity (units) was 
determined with pNA calibration curve. c Pancreatic beta cells were 
cultured on slides in absence or in presence of IL-2-activated PBMCs 
for 2 h; then the slides were washed, fixed, permeabilized and incu-
bated with Hoechst 33342 solution for nuclei staining. Stained cells 
were visualized with a Leitz Diaplan fluorescence microscope. Pic-
tures from one representative experiment out of three are shown
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IL-2-activated non-adherent PBMCs (6.5 ± 0.8%; n = 3) 
(p = 0.03) (Fig. 3ab, ac). The number of gated cells is the 
same in Fig. 3aa, ab, ac. The results in Fig. 3c are representa-
tive of three independent experiments; at least five fields in 
each experiment were analyzed for quantification.

Furthermore, caspase-3 activity of CV-B4 infected 1.1B4 
cells was increased when these cells were co-cultured with 
IL-2-activated non-adherent PBMCs. However, caspase-3 
activity of mock-infected 1.1B4 cells was increased to the 
same extent (Fig. 3b). In contrast, after co-culture with IL-
2-activated non-adherent PBMCs, chromatin condensation 
was observed in a larger proportion of CV-B4 infected cells 
compared to mock-infected 1.1B4 cells (78% ± 16.5% vs 
43 ± 11.9%) (Fig. 3c). It cannot be excluded that the features 
of nuclei of some cells were due to an incomplete cell attach-
ment to the cover slide and further treatment and washing 
steps. Nevertheless, the proportion of cells with chromatin 
condensation was higher when the targets of PBMC treated 
with IL-2 were CV-B4-infected cells than when the targets 
were mock-infected cells.

Taken altogether these experiments show that IL-2-acti-
vated non-adherent PBMC, through NK cells, can lyse pan-
creatic beta cells persistently infected with CV-B4 and can 
induce apoptosis of these cells.

CVB4 infection downregulates cell surface 
expression of HLA class I molecules on 1.1B4 cells

NK cells express inhibitory receptors specific for classical 
HLA class I molecules on target cells [28]. Thus, altered 
HLA class I antigen expression on target cells can induce 
spontaneous NK cell-mediated killing [16]. Therefore, we 
reasoned that the cytolytic activity of NK cells towards 
infected 1.1B4 cells might be due to reduced cell surface 
expression of HLA class I molecules. The proportion of 
HLA class I positive CV-B4 infected 1.1B4 cells gradually 
declined during persistent infection from 90 ± 2.5% (n = 5) 
at 38 weeks post-infection (p.i.), to 28 ± 7.1% (n = 5) at 
58 weeks p.i., to 17 ± 3.7% (n = 5) at 70 weeks p.i., con-
trasting with mock-infected cells (99 ± 0.4%; n = 5) and with 
CV-B4 infected cells 48 h p.i. at MOI 1 (98 ± 0.3%; n = 5) 
(Fig. 4a, b). A model of persistent infection of Panc-1 cells 
(human ductal cell line) with CV-B4 was previously reported 
by our team [11]. The proportion of HLA class I-positive 
cells in mock-infected and CV-B4-persistently infected 
Panc-1 cells at week 56 p.i. was not different (Fig. 4b). At 
38 and 46 weeks p.i., 90.2 ± 2.0% and 76.1 ± 2.7% persis-
tently infected 1.1B4 cells still expressed HLA class I mol-
ecules on their surface but the fluorescence intensity of HLA 
class I staining was reduced, compared to mock-infected 
cells (p < 0.05) (Fig. 4c). Thus these data showed that the 
fluorescence intensity of HLA class I staining was already 
reduced in CV-B4 persistently infected 1.1B4 cells while the 

proportion of HLA class I positive cells was still unchanged 
compared to controls.

It was decided to study the viability of persistently CV-B4 
infected 1.1B4 cells, on which the expression of HLA class 
I molecules was reduced, by flow cytometry using Annexin 
V and propidium iodide (PI) staining. At 58 weeks p.i., 
around 78% of CV-B4 persistently infected 1.1B4 cells did 
not express HLA class I molecules at their surface; nev-
ertheless, their viability was maintained, as shown by the 
low-level of Annexin V and/or PI-positive cells (less than 
1.5%) (Fig. 4d).

The impact of CV-B4 on the expression of HLA class I at 
the surface of CV-B4 persistently infected cells was evalu-
ated by indirect immunofluorescence staining for HLA class 
I and intracellular VP1. Figure 4e shows representative fields 
of view of three independent experiments of mock and per-
sistently infected 1.1B4 cells with CV-B4 and at least five 
fields in each experiment were analyzed for quantification. 
At 58 weeks p.i., the proportion of HLA class I positive cells 
and the fluorescence intensity was low in CV-B4 infected 
cells compared to mock-infected cells, confirming the results 
of flow cytometry. Interestingly, the detection of HLA class I 
antigen in 2 out of 3 VP1 positive cells was negative whereas 
the detection was positive in the third one in CV-B4 per-
sistently infected 1.1B4 cells (Fig. 4e). When many fields 
were observed under the microscope, an average of 1.6% 
cells were positive for VP1 and negative for HLA class I 
and 2% cells were positive for VP1 and positive for HLA 
class I. HLA class I can be internalized in CVB-infected 
cells. Indeed it was reported that CV-B3 2B and 2BC pro-
teins upregulated the internalization of HLA class I [29]. 
However, in our experiments with persistently-infected cells 
the detection of intracellular HLA class I by immunofluo-
rescence assay after cell permeabilization was negative in a 
large proportion of cells as shown by Fig. 4e.

It has been reported that viruses downregulate HLA class 
I gene transcription through binding of regulatory factors 
to promoters of HLA class I heavy chain [16]. Therefore, 
in our experiments the expression of HLA class I mRNA 
was assessed in CV-B4 persistently infected 1.1B4 cells 
using real-time RT-qPCR and the results were expressed as 
fold-change  (2−∆∆Ct) as compared to mock-infected cells. 
There was no significant difference in expression of HLA 
class I mRNA at 38 and 58 weeks p.i. in CV-B4 persis-
tently infected 1.1B4 cells as compared to mock-infected 
cells (Fig. 5a), suggesting that CV-B4-mediated reduction 
of HLA class I molecules on 1.1B4 cells was not due to a 
transcriptional downregulation process.

Further investigations assessed whether the downregu-
lation of HLA class I expression in CV-B4 persistently 
infected 1.1B4 cells could be corrected by IFN-γ that is able 
to stimulate HLA class I expression in cell lines and human 
pancreatic beta-cells [30–32]. Mock and CV-B4-persistently 
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infected 1.1B4 cells were cultured in the absence or presence 
of IFN-γ for 48 h, and the proportions and mean fluorescence 
intensities of HLA Class I-positive cells were evaluated by 
flow cytometry. In CV-B4-persistently infected 1.1B4 cell 
cultures at 70 weeks post infection, the viral titer in super-
natants was 7.3 ± 0.8 log  TCID50/mL and the specific lysis 
of infected cells and mock-infected cells by IL-2-activated 
non-adherent PBMCs at effector: target cell ratio 40:1 were 
36.8 ± 5.4% and 15.2 ± 4.8%, respectively (p = 0.021, n = 3). 
The proportions of cells expressing HLA class I antigen in 
mock and CV-B4-persistently infected 1.1B4 cells harvested 
70 weeks p.i. remained unchanged after exposure to IFN-γ 
(data not shown). Nevertheless, IFN-γ treatment resulted in 
an increased fluorescence intensity of HLA class I molecule 
staining at the surface of mock and persistently infected 
1.1B4 cells with CV-B4 but at a lower extent (Fig. 5b).

IFN-γ is known to upregulate HLA class I expression; 
however, the impact of IFN-γ on the expression of HLA 
class I in infected cells was weak (at 48 h). HLA class I was 
downregulated in persistently infected cells, and the level 
of IFN-γ in co-cultures was low when the cytolysis was 
measured (at 5 h). Taken together our data suggest that the 
expression of HLA class I was not enhanced by IFN-γ or at 
a low extent in co-cultures and therefore it can be assumed 
that CV-B4 persistently infected 1.1B4 cells were readily 
lysed by NK cells.

Lysis of CV‑B4 persistently infected 1.1B4 cells 
by IL‑2‑activated non‑adherent PBMCs of patients 
with T1D

Mock or CV-B4-persistently infected 1.1B4 cells were co-
cultured with IL-2-activated non-adherent PBMCs isolated 

from seven patients with T1D and ten control subjects. 
The specific cytolysis of CV-B4 infected 1.1B4 cells was 
low when they were co-cultured with IL-2-activated non-
adherent PBMCs obtained from diabetic patients compared 
with IL-2-activated non-adherent PBMCs obtained from 
controls (p < 0.01) (Fig. 6a). In so far as the cytolysis of 
CV-B4-infected 1.1B4 cells by IL-2-activated non-adherent 
PBMCs depends on NK cells (see above), the proportion 
of NK cells  (CD3−CD56+CD16+) in PBMCs from patients 
and controls was evaluated by flow cytometry. The percent-
age of NK cells was significantly lower in PBMCs from 
patients with T1D than in PBMCs from controls (p < 0.01) 
(Fig. 6b). These results highlight impaired cytolytic activity 
of IL-2-activated non-adherent PBMCs of patients with T1D 
towards CV-B4 persistently infected 1.1B4 cells.

Discussion

The current study is different in many respects from those 
of other investigators; this study reports for the first-time 
human NK cell cytolytic activity towards human pancreatic 
beta cells persistently infected with CV-B4. Several points 
are worth noting. In vitro studies reported the infection of 
human pancreatic islets by CV-B [33–35], and confirmed 
that CV-B4 can establish a persistent infection in human 
pancreatic β and ductal cells, resulting in disturbance of the 
viability and function of these cells [10–13]; however, per-
sistent infection of primary human islet cultures with CV-B4 
is restricted by the difficulties of supplying and preparing 
viable islets and long-term maintenance of dissociated islet 
cultures [13]. Therefore, we took advantage of a 1.1B4 
pancreatic beta cell line produced by electrofusion of fresh 
human pancreatic beta cells with a human pancreatic duct 
cell line (Panc-1) [36], to address the issue of the clearance 
of pancreatic beta cells persistently infected with CV-B4 
by human PBMCs. In this system, cytolysis was measured 
by quantifying the level of LDH released in supernatants 
of co-cultures using a sensitive assay, allowing compari-
sons between the lysis of mock and infected pancreatic beta 
cells by non-adherent PBMCs. Compared to 1.1B4 cells, 
the level of specific cytolysis of HEp-2 and Panc-1 cells 
by IL-2-activated non-adherent PBMCs was high, therefore 
HEp-2 and Panc-1 cells were not used in the rest of this 
study. HEp-2 and Panc-1 are tumor cell lines that can be 
readily lysed by effector cells compared with either MRC-5, 
a human diploid cell line, or with 1.1B4, that is the result 
of a fusion between primary beta cell and Panc-1 cell line. 
Acutely infected MRC-5 and 1.1B4 cells were not suitable 
for investigation of the killing of pancreatic beta cells by 
PBMCs in our system, since the specific lysis of mock and 
infected cells was not different under such conditions. Pan-
creatic cell lines, although interesting, present limitations in 

Fig. 4  Downregulation of HLA class I molecules at the surface of 
pancreatic beta cells persistently infected with CV-B4. a Pancreatic 
beta cells persistently infected with CV-B4 and mock-infected cells 
were analysed for cell surface HLA class I expression by flow cytom-
etry at various weeks post-infection (p.i.), using anti-human HLA-
ABC-FITC. Results from one representative experiment out of three 
are shown. b Percentage of cell surface HLA class I positive pancre-
atic beta cells (1.1B4) infected with CV-B4 harvested 48 h p.i., 52, 58 
and 70 weeks p.i. and Panc-1 cells persistently infected with CV-B4 
harvested 56  weeks p.i. The cells were analysed by flow cytometry 
using anti-human HLA-ABC-FITC. c Mean fluorescence intensity of 
cell surface HLA class I expression on mock and CV-B4-persistently 
infected 1.1B4 cells harvested 38 and 46 weeks p.i. was analysed by 
flow cytometry using anti-human HLA-ABC-FITC. Results presented 
in b and c are mean ± SD of three independent acute and persistent 
infections.*p < 0.05. d Mock and persistently infected 1.1B4 cells 
were stained with anti-human HLA-ABC-FITC and were evaluated 
for apoptosis by flow cytometry, using Annexin V APC and propid-
ium iodide (PI) stainings. Results from one representative experiment 
out of three are shown. e Mock-infected and persistently infected 
1.1B4 cells harvested 58  weeks p.i. were double-stained for HLA 
class I and for VP1 analysis by indirect immunofluorescence. Pictures 
from one representative experiment out of three are shown
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terms of translation of results, and beta cells from healthy 
individuals, diabetic or at-risk patients could behave differ-
ently and could respond differently to the infection.

It has been shown that CV-B4 can infect and establish a 
persistent infection in human pancreatic 1.1B4 cells in vitro 
for up to 70 weeks post-infection. The persistent infection 
is characterized by an acute phase during the first week 
post-infection followed by a moderate and stable release of 
infectious particles by the cells subsequently. The propor-
tion of cells positive for VP1 was small (less than 5%). Fur-
thermore, the virus was cleared when cultures were treated 
with fluoxetine (data not shown). This is in agreement with 
the anti-CV-B4 effect of fluoxetine in persistently-infected 
cells reported by our team previously [37, 38]. Downregula-
tion of HLA class I molecules was observed at the surface 
of a large proportion of 1.1B4 cells in cultures persistently 
infected with CV-B4. The proportion of cells harboring viral 
RNA was higher than predicted by the low levels of intra-
cellular VP1 and viral dsRNA (< 5%) detected in CV-B4 
infected 1.1B4 cells. These observations argue in favor of a 
low-grade viral replication compatible with a carrier-state 
persistent infection [39–41], and are in agreement with those 
of a previous study which reported that at least 50% of cells 
harbored enteroviral RNA in a model of pancreatic ductal-
like cells persistently infected with CV-B4 [11]. In cells har-
boring viral RNA it cannot be excluded that viral RNA is 
latent in some of them and activated in some others, with a 
low-level replication under the limit of detection of dsRNA 
by immunostaining. Such characteristics could explain the 
large proportion of cells displaying reduced expression of 
HLA class I amongst 1.1B4 cells persistently infected with 
CV-B4 in this study.

It has been shown that HLA class I hyperexpression and 
VP1 immunostaining are usually present in islet beta cells 
[14, 42]. However, HLA class I expression is not directly 
related to VP1 expression, as many other insulin-containing 
islets can overexpress HLA class I without the presence of 
VP1 [42]. It has been observed that CV-B4-infected beta 
cells produce IFN-α [13] and that IFN-α can increase the 
expression of HLA class I in beta cells [43]. So far, the pre-
sent study shows that the infection of beta cells with CV-B4 
results in inhibition of HLA class I, it is likely that HLA 
class I hyperexpression in islet beta cells is due to an indi-
rect mechanism mediated by IFN-α as suggested by other 
teams [14, 42]. It cannot be excluded that a few infected beta 
cells in islets of prediabetic and recent onset T1D individuals 
results in production of IFN-α that enhances the expression 
of HLA class I in non-infected beta cells.

The mechanism underlying CV-B4-mediated downregu-
lation of HLA class I molecules on 1.1B4 cells was assessed 
using real-time RT-qPCR and immunofluorescence. The 
expression of HLA class I mRNA in persistently infected 
cells remained unchanged compared to mock-infected cells. 
There was a progressive inhibition of HLA class I in a first 
stage (HLA class I negative cells 10% at week 38) then the 
inhibition was more pronounced as the culture progressed 
(HLA class I negative cells 80% week 58). Internalization 
of HLA class I molecules to intracellular location, degrada-
tion of HLA class I molecules or disturbance of their intra-
cellular trafficking cannot be excluded. Indeed, it has been 
shown that Picornaviruses are able to inhibit transit from 
endoplasmic reticulum to Golgi through non-structural viral 
proteins, resulting in an impairment of HLA class I expres-
sion [44–46]. In addition, protein 3A of CV-B3 disrupted the 

Fig. 5  Expression of HLA class I mRNA in pancreatic beta cells 
persistently infected with CV-B4. a Levels of HLA class I mRNA. 
HLA class I mRNA expression was assessed in 1.1B4 cells persis-
tently infected with CV-B4 38 and 58  weeks post-infection using 
real-time RT-qPCR. The results are expressed as fold-change  (2−∆∆Ct) 

as compared to mock-infected cells. Results are mean ± SD of three 
independent experiments. b Cell surface expression of HLA class I 
on mock and persistently infected 1.1B4 cells harvested 70  weeks 
post-infection cultured in presence or absence of IFN-γ (100 U/mL) 
for 48 h.**p < 0.01
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Golgi complex while 2B and 2BC proteins inhibited protein 
traffic through the Golgi complex, and upregulated HLA 
class I endocytosis [29, 47, 48]. Further studies are needed 
to elucidate the mechanism of inhibition of HLA class I in 
persistently-infected cells.

The proportion of HLA class I positive cells was high 
48 h p.i. (as shown by Fig. 4b) and cytolytic killing of cells 
did not occur during this phase. Cytolytic killing of cells 
occurred after the acute phase. During week 38, when 
there was a higher proportion of HLA class I-positive cells 

compared with week 58, the cytolytic killing of cells was 
observed. Whether the reduced expression of HLA class I, 
reflected by a reduction of the fluorescence intensity of cell 
surface HLA class I analyzed by FACS, was involved in 
rendering the persistently-infected cells more sensitive to 
cytolytic killing by NK cells remains to be investigated.

The higher level of LDH in supernatants of infected cells 
co-cultured with IL-2-activated non-adherent PBMCs on the 
one hand, and with  CD3−CD56+ cells on the other, supports 
the idea that NK cells are the major effector cells involved 
in the lysis of pancreatic beta cells persistently infected with 
CV-B4 in our experiments. Interestingly, as compared to 
mock-infected 1.1B4 cells, IL-2-activated non-adherent 
PBMCs did not lyse acutely CV-B4-infected 1.1B4 cells 
that comprised a similar proportion of HLA class I-positive 
cells. In contrast, previous studies reported that CV-B3 acute 
infection can downregulate HLA class I surface expression 
in HepG2, HUVECs and HeLa tumour cell lines acutely 
infected with CV-B3 [24, 29]. We have no clear explanation 
regarding the discrepancy between the results obtained by 
other researchers and by our group. It can be due to cell types 
used in these studies and/or to the virus. Taken together, our 
results show that the lysis of persistently infected 1.1B4 cells 
required activation of NK cells in our system and suggest 
that a downregulation of HLA class I molecules at the sur-
face of infected cells was involved in the process.

In this study, the presence of annexin V positive cells, of 
Caspase-3 activity and of chromatin condensation in CV-B4 
persistently infected 1.1B4 cells co-cultured with IL-2-ac-
tivated non-adherent PBMCs, showed that apoptosis was 
induced in infected cells by activated PBMCs [49, 50]. There 
is increasing evidence indicating that apoptotic beta cells can 
orient immune response toward autoimmunity in T1D [51]. 
Indeed, apoptotic beta cells are the most important source of 
autoantigens and enhanced beta cells apoptosis or defective 
apoptotic beta cells clearance by phagocytes can contribute 
to the autoimmune process in T1D through permanent auto-
reactive lymphocyte activation [51–54].

We also observed that the cytolytic activity of IL-
2-activated non-adherent PBMCs from patients with T1D 
towards pancreatic beta cells persistently infected with 
CV-B4 was reduced compared to PBMCs from controls. 
Such a reduced cytolytic activity of patients’ cells could 
be due to a lower proportion of NK cells compared to con-
trols, as suggested by our results regarding the decreased 
number of NK cells  (CD3−CD56+CD16+) in patients. 
Moreover it cannot be excluded that the cytolytic activity 
of NK cells from the patients with T1D was reduced since 
it was already observed that NK cells from such patients 
are not able to lyse NK-sensitive K562 tumor cells [28]. 
Several studies have reported a low NK cell frequency and 
impaired cytolytic activity of these cells in patients with 
T1D, irrespective of the duration of the disease, compared 

Fig. 6  Lysis of CV-B4 persistently infected pancreatic beta cells by 
IL-2-activated non adherent PBMCs of patients with T1D. a Mock 
and persistently infected 1.1B4 cells with CV-B4 70  weeks post-
infection were co-cultured for 5  h with IL-2-activated non-adherent 
PBMCs from 10 healthy donors and 7 T1D patients at Effector: target 
cell ratio 20:1 and 40:1. Cell-mediated lysis was measured by LDH 
release assay. The results are expressed as percentage (%) of specific 
lysis and are presented as mean ± SD. b Frequencies of peripheral 
blood NK cell subsets in T1D patients and control subjects. Periph-
eral blood mononuclear cells were stained with monoclonal anti-
bodies, acquired using a flow cytometer, and analyzed using appro-
priate software. Box plots represent medians with 25th and 75th 
percentiles and whiskers illustrating 10th and 90th percentiles of 
 CD3−CD16+CD56+ cell subset frequencies from 10 control subjects 
and 7 T1D patients.*p < 0.05 and **p < 0.01 versus controls



192 M. P. Nekoua et al.

1 3

to control subjects [28, 55–59]. Furthermore, weak NK 
cell responses to IL-2 stimulation and aberrant signaling 
of the activating NK cell receptor, NKG2D, have been 
reported in patients with T1D [59, 60]. Taken together 
these reports and our observations support the hypothesis 
of a defect of circulating NK cells in patients with T1D. 
It has been suggested that disturbance of viral clearance 
and manipulation of the host antiviral immune response 
may be involved in the enteroviral pathogenesis of T1D 
[19, 61]. The results of the present study argue in favor 
of impaired viral clearance that could play a role in the 
persistence of CV-B4 reported in patients with T1D [7, 9, 
19, 62–64]. The impaired cytolytic activity of PBMC from 
patients in our study may also be due to the exhaustion of 
NK cells, which can be observed in the course of chronic 
infection as previously reported [65].

In conclusion, the persistence of CV-B4 in pancreatic 
beta cells resulted in downregulation of HLA class I cell 
surface expression and increased their susceptibility to NK 
cell-mediated killing. The cytolytic activity of IL-2-acti-
vated non-adherent PBMCs of patients with T1D against 
pancreatic beta cells persistently infected with CV-B4 was 
reduced due to the low frequency of NK cells on the one 
hand and, possibly, to the dysfunctional state of the cells 
that are present on the other. The impact of NK cells on 
pancreatic beta cells persistently infected with CV-B4 can 
result in apoptosis of these cells, a process that is thought to 
play a role in triggering autoimmunity [51–54]. Furthermore 
the hypothesis of a role of NK cells at an early stage of the 
development of the disease is in agreement with a previ-
ous report showing that NK cells can induce T1D in mice 
[66]. Defective clearance of pancreatic beta cells persistently 
infected with CV-B4 in patients with T1D can nevertheless 
not be excluded [19, 61]. The in vitro culture system based 
on pancreatic beta cells persistently infected with CV-B4 
developed in the present report could prove useful in assess-
ing the cytolytic activity of IL-2-activated non-adherent 
PBMCs of individuals at risk for T1D, as well as at various 
stages of the disease to investigate further the role of NK 
cells in the viral pathogenesis of T1D. Further studies will 
be directed along this line in our laboratory.
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