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Abstract

Peptide presentation by MHC class I and MHC class II molecules plays important roles

in the regulation of the immune response. One factor in these displays is the density of

antigen, which must exceed a critical threshold for the effective activation of T cells.

Nonrandom distribution of MHC class I and class II has already been detected at the

nanometer level and at higher hierarchical levels. It is not clear how the absence and

reappearance of some protein molecules can influence the nonrandom distribution.

Therefore, we performed experiments on HLA II-deficient bare lymphocyte syndrome

(BLS1) cells: we created a stable transfected cell line, tDQ6-BLS-1, and were able to

detect the effect of the appearance of HLA-DQ6 molecules on the homo and hetero-

association of different cell surface molecules by comparing Förster resonance energy

transfer (FRET) efficiency on transfected cells to that on nontransfected BLS-1 and JY

human B-cell lines. Our FRET results show a decrease in homoassociation FRET

between HLA I chains in HLA-DQ6-transfected tDQ6-BLS-1 cells compared with the

parent BLS-1 cell line and an increase in heteroassociation FRET between HLA I and

HLA II (compared with JY cells), suggesting a similar pattern of antigen presentation by

the HLA-DQ6 allele. Transmission electron microscopy (TEM) revealed that both HLA

class I and class II molecules formed clusters at higher hierarchical levels on the

tDQ6-BLS-1 cells, and the de novo synthesized HLA DQ molecules did not intersperse

with HLA class I islands. These observations could be important in understanding the

fine tuning of the immune response.
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1 | INTRODUCTION

MHC molecules are cell surface molecules that present processed

peptides to T cells to initiate tolerance or adaptive immune responses.J�ozsef Kormos and Adrienn J. Veres contributed equally to this article.
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They are grouped into two major classes, MHC class I and class II, that

differ in many aspects, including expression, structure, and the type of

antigen presented [1]. Class I MHC molecules are expressed on nucle-

ated cells and present a variety of peptides to CD8+ T cells, thereby

activating these cells and engendering effector responses to targets

displaying corresponding MHC I/peptide complexes [2, 3]. MHC II

proteins are expressed constitutively on professional antigen-

presenting cells (such as macrophages); however, their expression

may also be induced in cell types that are closely related to innate

immune and inflammatory responses, such as endothelial and epithe-

lial cells. MHC II peptides are presented to CD4+ T cells, and they

have become of great interest in various immunotherapies and

approaches, such as developing vaccines against tumors [4] or viral

infections. [5]. One important factor in antigen presentation is the

antigen density, which must exceed some critical threshold for

the effective activation of T cells, as low density may be anergic rather

than stimulatory. The requisite density may be achieved by the mutual

recruitment of MHC/peptide and TcR in immunologic synapses to

increase the local antigen density and signal strength [6]. Conversely,

dispersing endogenous clusters of MHC II molecules by disrupting

lipid rafts lowers the effectiveness of the antigen [7]. Clustering has

mainly been defined for MHC II molecules on many distance scales

[8, 9]. In contrast, MHC I synapses have not shown the same cluster-

ing formation of MHC I as for MHC II [10]. MHC I clusters are too

small to be resolved by light microscopy; however, larger clusters can

be detected by advanced imaging techniques and analysis [11, 12].

Clustered MHC molecules may be more effective in immune synapses

because the cluster presents a sustained signal by virtue of the num-

ber of TcR that can be engaged serially in the small area of a cluster

[13, 14] or because clustered receptors interact to propagate confor-

mational changes that enhance signaling [15, 16].

We expect large patches of MHC I molecules to have a high proba-

bility of containing multiple copies of the same peptide/MHC I. Hence,

they will increase the avidity for T cells more strongly than more dis-

persed MHC I molecules. This higher avidity can enhance responses to

dominant CTL epitopes. It also has the potential to broaden a CTL

response by recruiting T cells with low affinity for other epitopes pre-

sented in the patch. Patching of MHC class I molecules may also increase

overall cell avidity by enhancing CD8 interactions with MHC I clusters.

The cell surface distribution of membrane proteins can be studied

by Förster resonance energy transfer (FRET) at the single-cell level,

and a nonrandom distribution pattern of MHC class I molecules was

observed over a distance range of 2–10 nm [17–22]. A second, non-

random, and larger-scale topological organization of the MHC class I

antigens was detected by indirect immunogold labeling and imaging

by transmission electron microscopy (TEM) [23]. MHC class II mole-

cules showed homoclustering and partial coclustering with MHC class

I molecules by FRET. In addition, TEM studies revealed clustering of

MHC II molecules at a higher hierarchical level (>20 nm) and showed

that a fraction of MHC class II molecules heteroclustered with MHC

class I molecules [24]. This larger-scale topological organization of the

MHC class I and II antigens may perform significant functions in cell-

to-cell contacts and signal transduction.

In the human population, there are no diseases accompanied by

the total lack of HLA genes, which suggests that proteins encoded

by these genes have such an important role that their complete lack

might be fatal for the development of the fetus. The disease charac-

terized by the total or partial lack of HLA II genes is called bare lym-

phocyte syndrome (BLS), which is a primary immune

deficiency [25]. A typical feature of the disease is that neither HLA II

proteins nor their appropriate mRNA can be detected in any of the

patients' cells. For this reason, it can be presumed that genetic failure

develops at the level of gene transcription and affects regulatory

mechanisms that are responsible for both constitutive and induced

synthesis. The genetic analysis of B-lymphocytes isolated from

patients with BLS supplied essential information regarding the DNA-

level regulation of HLA II genes. From these inspections, we know

that in several BLS patients, the reduced HLA II expression is caused

not by the malfunction of HLA genes but rather by the failure of the

RFX nuclear factor or by mutation of the gene encoding the CIITA-

regulating protein. BLS-1 and BLS-2 cell lines were isolated from

patients with BLS [26] who had no HLA class II expression on the cell

surface. Transfection of the BLS-1 cell line with the DQA1*0102 and

DQB1*0602 alleles was able to restore HLA class II expression, in this

case, the expression of HLA DQ6 molecules.

The experiments proposed here aim to test the hypothesis that cell

surface expression of HLA class I and class II molecules can interfere at

two levels: (1) at the nanometer scale (monitored by FRET) and (2) at a

higher hierarchical level (detected by TEM). To this end, three cell lines

were analyzed: the BLS-1 cell line, which has no class II expression but

does have endogenous class I expression; the tDQ6-BLS-1 cell line,

which expresses transfected HLA DQ (class II) and endogenous HLA

class I molecules; and the JY cell line, which endogenously possesses

both class I and class II molecules at sufficient levels. We investigated

homo and heteroassociations of HLA class I, HLA class II, and intercellu-

lar adhesion molecule 1 (ICAM-1) cell surface molecules. We found that

the association pattern of these molecules on the tDQ6-BLS-1 cells

was different from that on the parent BLS-1 cells but was comparable

with that of the JY cells. TEM analysis revealed that both HLA class I

and class II molecules formed clusters at higher hierarchical levels on

the tDQ6-BLS-1 cells similar to those observed on JY cells; however, in

contrast to JY cells, the de novo synthesized HLA DQmolecules did not

intersperse with HLA class I clusters.

2 | MATERIALS AND METHODS

All materials were purchased from Sigma–Aldrich (St. Louis, MO, USA)

unless indicated otherwise.

2.1 | Cell culture

The human B lymphoma cell lines JY (ATCC, Manassas, VA, USA) and

BLS-1 (generously provided by Prof. Mark Exley, Harvard Medical

School, Boston, USA) were grown to subconfluency with three
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intermittent splits in a week in RPMI 1640 medium containing 10%

fetal calf serum (FCS), 2 mM L-glutamine, and 50 μg/mL gentamycin

in an incubator maintained at 37�C with a 5% CO2 atmosphere. The

HLA-DQ6-transfected BLS-1 cell line (tDQ6-BLS) and the HLA-

DQB1-transfected BLS-1 cell line (tDQB1-BLS-1) were cultured under

similar conditions but in the presence of 200 μg/mL G418 (Geneticin)

as a continual drug.

2.2 | Antibodies

Monoclonal antibodies reactive against HLA-A, B, C (IgG2aκ as

W6/32), β2 microglobulin (IgG1κ as L368), ICAM-1 (IgG1 as P2A4),

and HLA-DQ and DR (IgG2a as anti HLA-DQ) were prepared from

culture supernatants of hybridomas (purchased from ATCC) and puri-

fied using Sepharose 4B Fast Flow Protein G beads for IgG2a anti-

bodies or Protein A beads for IgG1 antibodies. The antibodies were

conjugated with Alexa dyes (Alexa 546 and Alexa 647, Thermo Fisher

Scientific, Budapest, Hungary) according to the manufacturer's

instructions. The dye-to-antibody ratios were in the range of 2.4–3.5

for Alexa 546 conjugated antibodies and between 2.7 and 4.3 for

Alexa 647 conjugated antibodies as determined by spectrophotome-

try. More information can be found in the Supporting Information

about how the labeling ratios were determined.

2.3 | Plasmids

DQA1*0102/pCIneo and DQB1*0602/pCIneo plasmid vectors were kind

gifts from Dr. M. A. Kelly, University of Birmingham and Birmingham

Heartlands Hospital, Birmingham, UK. Transformation of the plasmids

into the DH5α Escherichia coli strain and screening with 150 μg/mL

ampicillin was performed according to instructions from the Invitrogen

manual (Cat. No. 18263-012; Thermo Fisher Scientific). A single colony

of transformed E. coli was then cultured in 150 mL of Luria Bertani

(LB) medium with ampicillin at 200 rpm and 37�C overnight. Cells were

incubated until mid-log phase as indicated by the absorbance from 0.4

to 0.7 at 600 nm. Then, an Intron Plasmid Midi kit (Intron Biotechnol-

ogy, Seongnam-si, South Korea) was used to extract the plasmid. These

plasmids were linearized with Xmn1 restriction enzyme (Promega, Mad-

ison, WI, USA) and purified by phenol/chloroform extraction.

2.4 | Transfection of the BLS-1 cell line

BLS-1 cells were transfected with DQA1*0102/pCIneo and

DQB1*0602/pCIneo vectors using an Amaxa Nucleofector apparatus

(Amaxa, Cologne, Germany). The optimal conditions were established

as the X-001 program with Nucleofection C solution using GFP plasmid

for electroporation and confocal (fluorescence) microscopy for visual

analysis. After electroporation, cells were immediately transferred to

1.5 mL of prewarmed RPMI complete medium and cultured in six-well

plates at 37�C for 48 h. Next, the medium was replaced every second

day with a stepwise increase in selection drug until 200 μg/mL G418

was reached. The ratio of DQA1*0102/pCIneo and DQB1*0602/pCIneo

plasmids was kept at 1:1, and the resulting cell line was named

tDQ6-BLS-1. In addition, cells were transfected with only DQB1*0602/

pCIneo, and the resulting cell line was named tDQB1-BLS-1.

2.5 | Cell labeling with antibodies

For flow cytometry analysis in each sample, approximately 1 million

freshly harvested cells were suspended in 50 μL of phosphate buff-

ered saline (PBS) buffer (pH 7.4) containing 1 mg/mL BSA and 0.01%

sodium azide. A saturating concentration of the dye-conjugated anti-

bodies was added to these cells, and the suspension was incubated in

the dark for 30 min on ice. After incubation, these cells were washed

twice with ice-cold PBS buffer to remove unbound antibodies. Finally,

the cells were suspended in 2% formaldehyde solution and kept at

4�C until the measurements were performed in a flow cytometer.

For confocal microscopy, cells were grown on cover slips (12 mm

diameter), and after washing with PBS, they were labeled with satu-

rating concentrations of fluorophore-conjugated antibodies (on ice for

30 min) and then washed twice with PBS before fixation with 2%

formaldehyde. Finally, coverslips were mounted on microscopic slides

using Mowiol 4-88 (Calbiochem, Sigma Aldrich) dissolved in glycerol

to avoid photobleaching.

2.6 | Flow cytometry

A FACS Array bioanalyzer (Becton Dickinson, Franklin Lakes, NJ, USA)

equipped with 532 and 635 nm lasers were used to study flow cyto-

metric FRET measurements between various epitopes of the cell. In

this instrument, donor signals due to 532 nm laser excitation could be

collected in the yellow channel through a 585/42 nm bandpass filter,

while the acceptor and sensitized acceptor signals on excitation by

the 635 and 532 nm lasers could be detected in the red and far-red

channels through 661/16 nm bandpass and 685 nm longpass filters,

respectively. Data were stored in the FCS 3.0 file format and analyzed

for FRET efficiency by ReFlex software (available at https://biophys.

med.unideb.hu/en/node/251) [27]. FRET efficiencies were corrected

for autofluorescence using mean values of fluorescence intensity dis-

tribution histograms of nonlabelled cells, and calculated on a cell-

by-cell basis with the display of the mean values of approximately

20.000 cells by the software. The Supporting Information contains

examples of original FRET efficiency distribution histograms. From the

mean values of six to eight FRET efficiency distribution histograms,

we calculated the mean FRET efficiency value with the corresponding

SD and displayed as columns on Figure 3.

Sample preparation for standard flow cytometry was performed

by using the dye conjugated anti-HLA-DQ antibody, purchased from

Becton-Dickinson. JY and nontransfected BLS-1 cell lines were used

as positive and negative controls, respectively, for the analysis of

HLA-DQ6 expression in tDQ6-BLS-1 cells.
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2.7 | Confocal microscopy

A Zeiss LSM 510 confocal laser-scanning microscope (CLSM, Carl

Zeiss, Germany) with an adjustable Apochromat �60 water immersion

objective was used to take images of the cells. Excited Alexa 546 and

Alexa 647 dye emissions could be detected through 560–605 nm

bandpass and 650 nm longpass filters, respectively. Individual cells

were selected, and the presence and absence of proteins were deter-

mined by detecting the signals in respective photomultiplier tubes.

2.8 | Isolation of RNA from human B lymphocytes

Samples were lysed using TRISOL Reagent (Invitrogen, Thermo

Fisher). Total RNA was isolated with chloroform and isopropanol.

RNA extracts were dissolved in nuclease-free water (Promega). The

concentration and homogeneity of the RNA preparations were deter-

mined by measuring the absorbance at 260 and 280 nm with a spec-

trophotometer (Nanodrop ND1000, Thermo Fisher). Standardized

amounts of RNA were then digested with DNase (Ambion, Thermo

Fisher) and subjected to reverse transcription using Super Script II

RNase H-Reverse Transcriptase and Random Primers (Invitrogen,

Thermo Fisher). Reverse transcription of 50 ng of total RNA was per-

formed at 42�C for 60 min and at 72�C for 5 min.

2.8.1 | TaqMan real-time reverse transcription
polymerase chain reaction

Quantitative real-time analyses were performed in 96-well optical

reaction plates in an ABI Prism 7700 sequence Detector (Applied Bio-

systems, Thermo Fisher). All oligo mixes were purchased from ABI.

Taq DNA Polymerase (Fermentas, Burlington, Ontario, Canada) was

used for amplification, and Rox Reference Dye (Invitrogen, Thermo

Fisher) was used for normalization of the fluorescent reporter signal.

Amplification was conducted in a 25 μL reaction mixture containing

125 ng of cDNA. All PCRs were performed in duplicate for each

cDNA product. We used the following conditions: 40 cycles at 95�C

for 12 s and 60�C for 30 s. The real-time PCR data were developed

by using Sequence Detector System version 2.1 software (Applied

Biosystems, Thermo Fisher). The expression levels were calculated by

a comparative threshold cycle (ΔCt) method. The number of targets

was normalized to the human 36B4 housekeeping gene as an endoge-

nous control.

2.9 | Immunogold labeling and transmission
electron microscopy experiments

TEM was used to study the membrane protein patterns on the nano-

meter and micrometer scale on the immunogold-labeled samples.

Freshly harvested cells (1 � 106 cells) were washed twice in ice-cold

PBS (pH 7.4). Cell surface proteins (HLA I or II) were labeled with

50 μg/mL primary mAbs for 40 min on ice. Thereafter, the cells were

washed in PBS and labeled with secondary antibodies conjugated to

15 nm diameter colloidal gold beads (AuroProbe EM 15 nm, Amer-

sham Pharmacia, Little Chalfont, UK). The cells were washed three

times. After appropriate labeling with primary and secondary anti-

bodies, the cells were fixed with 2% paraformaldehyde. Gold beads of

different sizes carrying anti-mouse polyclonal antibody coatings were

added after the monoclonal antibody treatments. Alternatively, to

investigate the surfaces of whole cells, cells were sedimented onto

poly-L-lysine-treated Collodium grids. Cells were dehydrated with a

graded ethanol series consisting of the following concentrations of

ethanol: 10% for 3 min, 30% for 3 min, 50% for 3 min, 70% for 3 min,

and 95% for 5 min. Samples were critical point dried (Quorum Tech-

nologies, E3000, Jyväskylä, Finland). The loading of the grid into the

sample holder and into the chamber of the critical point dryer was

done under ethanol to prevent air-drying of the samples. The chamber

was sealed and cooled to 18�C. The ethanol in the chamber was

replaced with liquid CO2 via a series of fluid exchanges. Each fluid

exchange consisted of a 1-min flush of the chamber with liquid CO2

followed by a 5-min immersion in CO2 with no flow. The CO2 fluid

level was adjusted so that the sample holder remained submerged at

all times. After the removal of the ethanol, the chamber was heated to

the critical point of CO2 (31�C, 73 atm), and the chamber was depres-

surized over a period of 5 min. Then, we decreased the pressure at a

constant temperature (40�C). The dry samples were stored in a desic-

cator prior to imaging to prevent the absorption of water from the

air [28]. Next, the critical point-dried whole cell samples were coated

with a thin layer of amorphous carbon using an electron beam carbon

evaporator. The carbon deposition rate was 20 nm thick. After coat-

ing, we dissolved the Collodium with amyl acetate (Sigma), washed it

with acetone and then kept the samples in alkaline lysis buffer (1%

lauryl sulfate, 2.5 M NaCl, 10 mM Tris, NaOH, 100 mM EDTA, pH 10,

100 mL DMSO (10%, 1.28 M), 10 mL Triton-x-100 [1%, 16 mM]),

washed them with water, and dried them at room temperature. TEM

was performed by a JEOL2000 FX-II instrument (JEOL, Tokyo, Japan)

operated at 120 kV.

2.10 | ClickOnGold

We implemented an image processing algorithm to localize electron-

dense areas/gold beads on electron micrographs. An image processing

program named “ClickOnGold” was developed. During image analysis,

we modify the picture by performing operations on it to separate the

important piece of information from the background. Image proces-

sing/image analysis can be performed by many possible methods,

which lead to different results, but we will discuss only convolution and

periphery discrimination since the “ClickOnGold” program uses these

operations in the process of image analysis [29]. The “ClickOnGold”
program is available free of charge from the following website: https://

biophys.med.unideb.hu/sites/default/files/file_uploads/clickongold.zip
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2.11 | Statistical analysis

2.11.1 | Flow cytometry

For comparison, either an unpaired t test or one-way ANOVA

together with Tukey post hoc analysis was performed using SigmaStat

3.5 (GmbH, Germany) depending on the number of groups. Only “p”
values <0.05 were considered significant. Nonsignificant “p” values

are indicated by the abbreviation “N.S.,” whereas “p” values <0.05,

<0.01, and <0.001 are denoted with *, **, and ***, respectively, in the

figures.

2.11.2 | Transmission electron microscopy

For the evaluation of the TEM images, we used the pair correlation

function (PCF). This is a powerful tool for describing the point pattern

property of antigens on the cell surface (gold beads). The method is

based on Ripley's K function [30, 31]. After we determined the posi-

tion (i.e., the coordinates) of the beads with “ClickOnGold” software

from the TEM images, we applied Gold software, which can calculate

the magnitudes of PCFs with Monte Carlo simulations [32, 33]. This

software defines the PCF values of the point pattern and additional

upper and lower 95% confidence intervals. If the PCF value is larger

than the upper limit, the pattern is aggregated; if lower, it is segre-

gated. Between the limits, the points have a random distribution. Fur-

thermore, the peaks of the PCF provide information on the numbers

of clusters having defined sizes.

3 | RESULTS

3.1 | Expression of HLA-DQ6 in human B
lymphocyte cell lines

First, we aimed to confirm the expression of HLA-DQ6 (MHC class II)

in different human B lymphocyte cell lines. To verify the gene expres-

sion of the beta chain of HLA-DQ6, we determined HLA-DQB1

mRNA expression using Q-RT-PCR in the nonmanipulated controls

(BLS-1), in JY cells (endogenously expressing HLA-DQ6) and in cells

that were transfected either with beta chain-coding (tDQB1-BLS-1)

or with alpha plus beta chain-coding (tDQ6-BLS-1) plasmids. Our

results show that while the JY cell line strongly expresses HLA-DQB1

mRNA, the expression of this mRNA is not detectable in BLS-1 cells,

as previously described in the literature (Figure 1A) [25, 26]. Although

the expression level of HLA-DQB1 mRNA was different in

tDQB1-BLS-1 cells from that of tDQ6-BLS-1 cells, these expression

levels are both significantly higher than that of the BLS-1 cells.

To prove that the cotransfection of DQA1 (alpha chain) and

DQB1 (beta chain) indeed results in the cell surface appearance of

HLA-DQ6 protein, we carried out flow cytometric analysis using anti-

HLA-DQ antibodies. As the histogram shows, we detected strong

fluorescence intensity in the case of tDQ6-BLS-1 cells, in contrast to

BLS-1 or tDQB1-BLS-1 cells, where the fluorescence signals were not

significantly higher than the background intensity of the unlabeled

cells (Figure 1B,C).

The distribution pattern of HLA-DQ6 protein in the tDQ6-BLS-1

cell membrane was also verified by CLSM. The blue pixels on the

microscopic images indicate that HLA-DQ6 proteins localize in dis-

perse patches on the cell surface (Figure 1D). A similar distribution

pattern was detected on JY cells.

These results together show that following DQ6 transfection,

tDQ6-BLS-1 cells express DQ6 (HLA class II) at both the mRNA and

protein levels, and protein expression was detectable on the cell

surface.

3.2 | Expression and transcription of HLA-B in
transfected BLS-1 cells

To characterize HLA I expression in the abovementioned B lympho-

cyte cell lines, we first measured HLA-B mRNA expression using

Q-RT-PCR. We found that JY cells expressed the highest amount of

HLA-B mRNA, while BLS-1 cells expressed the lowest amount

of HLA-B mRNA among these cells. The expression level of HLA-B

mRNA in tDQB1-BLS-1 cells was similar to that in BLS-1 cells,

whereas the expression level of HLA-B mRNA in tDQ6-BLS-1 cells

was more than twofold higher than that in BLS-1 cells but only half of

that in JY cells (Figure 2A).

Next, we measured the cell surface expression of HLA I proteins

by flow cytometry using a W6/32 antibody that recognizes a common

epitope of HLA-A, -B, and -C proteins. We detected relatively low cell

surface expression of HLA I proteins in BLS-1 cells, while it was two

times higher in JY and tDQB1-BLS-1 cells and four times higher in

tDQ6-BLS-1 cells (Figure 2B). This tendency correlates with the

results obtained using the Q-RT-PCR method.

These results show that the expression of HLA-DQ6 and even

the transfection of BLS-1 cells with only DQB1*0602/pClneo affect

the expression of HLA class I molecules, although in the latter case,

HLA-DQ molecules were not present on the cell surface (Figure 1C).

3.3 | The effect of HLA-DQ6 cell surface
expression on the homoassociation of HLA and
ICAM-1 molecules

It has been reported that membrane proteins of immune synapses

localize in lipid rafts, and the appearance of a newly synthesized pro-

tein in the membrane tends to strongly affect not only the distribution

and localization of other proteins but also their association with each

other [34, 35]. We hypothesize that the inclusion of HLA-DQ6 in the

membrane of the cells will influence the distribution of nearby mole-

cules such as HLA I and ICAM-1 molecules since they are often found

in immune synapses.

To assess how the appearance of HLA-DQ6 molecules in the

cell membrane influences the cell surface distribution pattern of

KORMOS ET AL. 5
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HLA I and ICAM-1 membrane proteins, we used flow cytometric

FRET experiments. We studied the homo and heteroassociation

patterns of HLA I, HLA II and ICAM-1 on the abovementioned

B-cell lines.

Our results show significant homoassociation between HLA I

heavy chain (HLA I-HC) molecules in BLS-1 cells expressing only HLA

I (supported by the high FRET efficiency of 27%) and stronger homo-

association in JY cells that express both HLA I and HLA II as well

(FRET efficiency �37%; Figure 3A). The de novo expression and

appearance of HLA-DQ6 in tDQ6-BLS-1 cells reduced the homoasso-

ciation between HLA I-HC. Similarly, the transfection of BLS-1 cells

with DQB1*0602/pClneo reduced the homoassociation between HLA

I-HC (FRET efficiency was only �10% in both cases). This observation

was interesting, since in these cases, the cell surface expression of

HLA I molecules was higher in tDQ6-BLS-1 cells and in tDQB1-BLS-1

cells than in the parent BLS-1 cells.

In the case of HLA I light chain (i.e., β2 microglobulin, HLA I-LC),

we observed a tendency similar to that of HLA I-HC (data not shown).

The homoassociation of HLA II molecules was significantly higher

on tDQ6-BLS-1 cells than on JY cells. The lack of cell surface expres-

sion of HLA II molecules on BLS-1 and tDQB1-BLS-1 cells prevented

FRET measurements in these cell lines (Figure 3A).

While ICAM-1 homoassociation was low in JY cells, the FRET

efficiency and therefore the homoassociation between ICAM-1 was

higher in BLS-1 cells and further increased in tDQ6-BLS-1 and

tDQB1-BLS-1 cells (Figure 3A).

F IGURE 1 Transcription and expression of HLA-DQ6 on human B lymphocyte cell lines. (A) The transcription profile of HLA-DQB1 mRNA in
human B lymphocytes was detected by quantitative PCR (Q-RT-PCR). Total RNA was extracted and processed as described in Section 2. The
relative amount of HLA-DQB1 (beta chain-coding) transcripts was normalized to the human 36B4 housekeeping gene. Data shown are the
means ± SDs of triplicate measurements. “N.S.” indicates a nonsignificant “p” value, whereas “p” value <0.001 is denoted with ***. (B) Cell
surface expression of the transfected HLA-DQ6 protein demonstrated by flow cytometry. Flow cytometric intensity histograms of control,
nontransfected, HLA II-deficient (BLS-1) and transfected cells (tDQ6-BLS-1) were labeled (1 � 106 cells) with an Alexa 546-conjugated anti-HLA-
DQ/DR monoclonal antibody. The mean values of the fluorescence intensity histograms were background corrected. The histograms contain data
from approx. 20,000 cells (Continuous line: BLS-1 cells, dashed line: transfected cells (tDQ6-BLS-1), dotted line: JY cells). (C) Mean values of the
histograms shown in Figure 1B are plotted. The expression level of HLA-DQ was significantly higher at the JY cell surface than at the surface of
tDQ6-BLS-1 cells. The fluorescence signal of BLS-1 or tDQB1-BLS-1 cells was practically the same as the background intensity of the unlabeled
cells. Data shown are the means ± SDs of triplicate measurements. A “p” value <0.001 is denoted with ***. (D) HLA-DQ6 protein cell surface
expression on transfected tDQ6-BLS-1 and JY human B cells. Cells were labeled with Alexa 647 (blue color, tDQ6-BLS-1) and Alexa 546 (red
color, JY) dye-conjugated anti-HLA-DQ antibodies and analyzed by confocal laser scanning microscopy. The bars represent 5 μm. [Color figure
can be viewed at wileyonlinelibrary.com]
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3.4 | Effect of HLA-DQ6 cell surface expression on
the heteroassociations of HLA and ICAM-1 molecules

Since we have seen significant changes in the homoassociations of

HLA and ICAM-1 molecules, we sought to further analyze whether

heteroassociations between these molecules are affected by the de

novo expression of HLA-DQ6.

High intramolecular FRET efficiency was measured between HLA

I-LC and HLA I-HC on JY cells, while it was weaker in the case of

BLS-1 cells (Figure 3B). The expression of HLA-DQ6 significantly

induced heteroassociation between the two chains of HLA I, and the

F IGURE 2 Transcription and expression of HLA I on human B
lymphocyte cell lines. (A) The transcription profile of HLA-B mRNA in
human B lymphocytes was detected by quantitative PCR. Real-time
qPCR analysis of HLA-B mRNA expression relative to h36B4 mRNA
levels in transfected and nontransfected B lymphocytes is shown in
the charts. Data represent the mean ± SD of a triplicate experiment.
The experiment was repeated in an independent set of lymphocytes
with similar results. A “p” value <0.01 is denoted with **, and “p”
<0.001 with ***. (B) The cell surface expression profile of human
leukocyte antigen heavy chain (HLA I-HC) on human B lymphocytes
was detected by flow cytometry. In our experiments, we used a
monomorphic W6/32 (anti-HLA-A, -B, -C) monoclonal antibody
labeled with Alexa 546. The columns are the mean values of
fluorescence intensity distribution histograms of triplicate
measurements. The error bars represent SD. A “p” value <0.001 is
denoted with ***.

F IGURE 3 Effect ofHLA-DQ6 cell surface expression on the homo
and heteroassociation ofHLA and ICAM-1molecules. (A) FRET efficiency
of homoassociation ofHLA I, HLA II, and ICAMmolecules on B-cell lines.
The calculated FRET values are presented as comparative bar diagrams.

FRET efficiencywasmeasured betweenmonoclonal antibodies directed
against epitopes on JY, BLS-1 and tHLA-DQ6-BLS-1 and tDQB1-BLS-1
cell lines. Flow cytometric FRETmeasurementswere performed on cells
simultaneously labeledwith Alexa Fluor 546- andAlexa Fluor
647-conjugatedmonoclonal antibodies. FRET efficiencywas calculated on
a cell-by-cell basis, and for the resulting FRET efficiency distribution
histograms, themean valueswere determined from3 to 6 parallel
measurements and are shown as themean ± SD. “N.S.” indicates a
nonsignificant “p” value, whereas “p” values <0.05 and <0.001 are
denotedwith * and ***, respectively. (B) FRET efficiency of
heteroassociation betweenHLA I light chain (β2-microglobulin, HLA I-LC)
andHLA I heavy chain (HLA I-HC), HLA II andHLA I, ICAM1 andHLA I,
and ICAM1andHLA II onB-cell lines. Fluorescence resonance energy
transferwasmeasured between donor- and acceptor-labeledmonoclonal
antibodies. The first proteinwas labeledwith a donor-conjugated antibody,
and the second proteinwas labeledwith an acceptor-conjugated antibody.
Themonoclonal antibodyW6/32 labels all HLA-A, HLA-B, andHLA-C
molecules, and the β2-microglobulin-specific L368 antibody labels all the
class I molecules associatedwith the light chain, that is, β2-microglobulin.
The anti-HLA-DQ recognizes all of theDQmolecules, and the P2A4
monoclonal antibody labels the ICAM-1molecules. FRET efficiencywas
calculated on a cell-by-cell basis, and from the resulting FRET efficiency
distribution histograms, themean valueswere determined from3 to
6 parallel measurements and are shown as themean ± SD. “N.S.” indicates
a nonsignificant “p” value, whereas “p” values <0.05, <0.01, and <0.001
are denotedwith *, **, and ***, respectively.
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FRET efficiency increased to the level measured in JY cells. The het-

eroassociation between HLA I-LC and HLA I-HC decreased in the

tDQB1-BLS-1 cells (Figure 3B).

Heteroassociation was also detected between the HLA-II and

HLA I-HC proteins on JY cells. The association between these pro-

teins in BLS-1 and tDQB1-BLS-1 cells was not detectable since these

cells do not express HLA II proteins on the cell surface. However, a

detectable association was measured between HLA-II and HLA I-HC

in the HLA-DQ6-expressing tDQ6-BLS-1 cells, and the FRET effi-

ciency was even higher than that measured in JY cells, although this

increase did not reach a statistically significant level (Figure 3B).

Heteroassociation was also detected between the ICAM-1 and

HLA I-HC proteins on JY cells (FRET efficiency �23%). The heteroas-

sociation between these proteins in BLS-1 cells was lower, as demon-

strated by the much lower FRET efficiency (�8%). However, a

significantly higher association was measured between ICAM-1 and

HLA I-HC in HLA-DQ6-expressing tDQ6-BLS-1 cells. This heteroas-

sociation between ICAM-1 and HLA I-HC was slightly more elevated

than that on JY cells (FRET efficiency �25%). The ICAM-1 and HLA

I-HC heteroassociation was even higher in the tDQB1-BLS-1 cells

(Figure 3B).

The level of heteroassociation between ICAM-1 and HLA-II was

much lower on JY cells (FRET efficiency �5%). However, a signifi-

cantly higher association was measured between ICAM-1 and HLA-II

in the HLA-DQ6-expressing tDQ6-BLS-1 cells (FRET efficiency

�25%; Figure 3B).

These data suggest that with the help of transfection, the previ-

ously unmanifested DQ6 cell surface molecule is able to integrate into

protein clusters, changing the already existing cell surface pattern.

The expression of DQ6 will often shift the association tendency

toward that in the control JY cells. The newly appearing molecules on

the cell surface are able to integrate within proximity to other mole-

cules and therefore can influence the previously existing molecular

distribution pattern.

3.5 | The cell-surface pattern changes on a higher
hierarchical level

As the results obtained from FRET studies suggested a modified cell

surface distribution pattern of HLA proteins, we aimed to study the

membrane topology of HLA I and HLA II molecules on a submicrom-

eter scale using TEM. To visualize different molecules per cluster, we

used the immunogold labeling method, which provides information

about molecular patterns between 20 nm and a micrometer scale.

Here, we directly measured the distribution of HLA I and HLA II

clusters at this hierarchical level in the plasma membrane of the three

different cell lines (JY, tDQ6-BLS-1, BLS-1) using gold labels. Both

HLA I and HLA II molecules were labeled by antibodies conjugated

with 10, 20, or 30 nm gold beads. The distribution of gold nanoparti-

cles on TEM micrographs (Figure 4A,B,C,G,H,I) was analyzed by

“ClickOnGold” software [29]. The corresponding PCFs are shown in

Figure 4D,E,F,J,K. The analysis of PCF shows that in the case of JY

cells, the distribution of HLA I molecules in the 10–20 nm and the

20–50 nm distance ranges are significantly different from the values

determined assuming random distribution (Figure 4A,D). HLA II mole-

cules also showed nonrandom distribution on JY cells, according to

the PCF function clusters of HLA II molecules detected in the 10–20,

30–150, and 190–210 nm ranges (Figure 4B,E). In BLS-1 cells, HLA I

molecules demonstrated nonrandom distribution in the 10–20 nm,

30–120 nm, and slightly in the 210–350 nm distance ranges accord-

ing to the PCF function (Figure 4B,E). BLS-1 cells did not express HLA

II molecules on the cell surface (Figure 4H, negative control), so PCF

analysis was not performed. In tDQ6-BLS-1 cells, the expression of

HLA I molecules showed a nonrandom distribution in the 10–210 nm

range (Figure 4C,F), and newly synthesized HLA II (HLA-DQ) appeared

on the cell surface, forming clusters in the 10–200 nm and 400–

600 nm ranges (Figure 4I,K). The de novo synthesized HLA-DQ mole-

cules definitely showed nonrandom characteristic properties on this

hierarchical level.

We also wanted to see whether the HLA I and HLA II clusters are

separated or interspersed on the cell surface. Therefore, we per-

formed double immunogold labeling on JY and tDQ6-BLS-1 cells

using antibodies against HLA I and HLA II molecules conjugated to

10 and 20 nm gold beads, respectively. Figure 5A,B shows micro-

graphs of JY and tDQ6-BLS-1 cells, respectively. From several of

these types of micrographs, the PCFs were determined for HLA I

(Figure 5C,D) and HLA II molecules (Figure 5E,F), and the pair cross-

correlation functions (PCCFs) were calculated (Figure 5G,H). On JY

cells, the PCF of HLA I molecules showed possible clusters in the

200 nm range (Figure 5C), and the PCF of HLA II molecules indicated

HLA II clusters between the 20 and 200 and between the 300 and

380 nm ranges (Figure 5E). The PCCF of HLA I and HLA II molecules

indicated a mild association between HLA I and HLA II molecules at

approximately 25, 75, and 175 nm (Figure 5G). It should be noted that

some of the peaks are barely above the 95% significance level there-

fore the interpretation of these associations should be considered

with caution. On tDQ6-BLS-1 cells, the PCF of HLA I molecules

showed possible clusters around the 20–60 nm range (Figure 5D), and

the PCF of HLA II molecules indicated HLA II clusters of approxi-

mately 60 and 600 nm (Figure 5F). In contrast to the JY cells, the

PCCF of HLA I and HLA II molecules on tDQ6-BLS-1 cells showed no

measurable association between HLA I and HLA II molecules

(Figure 5F), indicating that in these cells, the de novo synthesized HLA

DQ molecules do not intersperse with HLA I clusters.

4 | DISCUSSION

MHC class I and II molecules play essential roles in antigen presenta-

tion to T lymphocytes. Antigen presentation by MHC class II is essen-

tial for the activation of CD4 T cells, whereas MHC class I molecules

are required for the activation of CD8 T cells [4]. Both MHC class I

and class II molecules are highly inducible, and their expression is cru-

cial for the induction and maintenance of adaptive immune responses

presenting endogen-originated antigens to CD8+ T lymphocytes. In
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F IGURE 4 Immunoelectron microscopy of HLA I and II molecules on JY, BLS-1, and tDQ6-BLS-1 cells. HLA I and HLA II molecules of
transfected and nontransfected cells were labeled with anti-HLA I (W6/36) and anti-HLA II (anti-HLA-DQ) primary monoclonal antibodies and
then with secondary antibodies conjugated to 10, 20, or 30 nm diameter colloidal gold nanoparticles as described in Section 2. After fixation, we
sedimented the labeled cells onto poly-L-lysine-treated Collodium grids. After drying at the critical point, whole cell samples were coated with
carbon. We dissolved the Collodium and denatured the proteins and the DNA with alkaline lysis buffer. After drying, the samples were analyzed
with electron microscopy at 120 kV. The scale bar is 300 nm and is valid for all micrographs. (A) HLA I (10 nm) was labeled on JY; (B) HLA I
(30 nm) was labeled on BLS-1, (C) HLA I (20 nm) was labeled on tDQ6-BLS-1 cells. The corresponding pair correlation functions (PCFs) are
(D) HLA I on JY cells, (E) HLA I on BLS-1 cells, and (F) HLA I on tDQ6-BLS-1 cells. (G) HLA II (10 nm) was labeled on JY; (H) HLA II (30 nm) was
labeled on BLS-1 cells, serving as a negative control; (I) HLA II (30 nm) was labeled on tDQ6-BLS-1 cells. The corresponding PCFs are (J) HLA II on
JY cells and (K) HLA II on tDQ6-BLS-1 cells. On the PCF graphs, the continuous line represents the calculated PCF, the dotted dashed line is the
value 1, and the upper and lower dashed lines represent the range of random distribution.
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addition to their key role in antigen presentation, MHC I molecules

also participate in the regulation of several signal-transmitting pro-

cesses affecting cell growth and differentiation [36].

Autoimmune diabetes, also known as type 1 diabetes mellitus

(T1DM), is typically characterized by the autoimmune destruction of

the insulin-producing β-cells of the pancreas, which results in a

F IGURE 5 Legend on next page.
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shortage of insulin and therefore disturbs the regulation of anabolism

and catabolism. It shows an association with class II HLA loci (especially

with HLA-DRB1*04-DQB1*0302 and HLA-DRB1*03-DQB1*0201). The

HLA-DQ6 allele as a defense against T1DM is well established [14]. To

study the effect of the expression of DQ molecules on the cell surface

distribution of other membrane proteins, we selected the HLA class II-

negative BLS-1 cell line isolated from patients with BLS [25, 37]. We

followed the earlier paper by Kelly et al. to establish the stably trans-

fected BLS-1 cell line, tDQ6-BLS-1, expressing DQ molecules [37].

Since HLA I, HLA II, and ICAM-1 are randomly distributed and often

colocalized in the cell membrane, we expected the de novo synthesized

HLA-DQ6 molecule in tDQ6-BLS-1 to integrate and form clusters with

the HLA I and ICAM-1 molecules on the cell surface [23, 24, 38–42].

We wondered whether these clusters at the tD6-BLS-1 cell membrane

are different from those at the parent BLS-1 cell line and from those of

the JY cell line (which expresses HLA class I, class II, and ICAM-1 mole-

cules). To address these questions, we first characterized the

tDQ6-BLS-1 cell line and determined that tDQ6-BLS-1 cells express

DQ6 at both the mRNA and protein levels using Q-RT-PCR and immu-

nofluorescence, respectively (Figure 1). We also investigated the effect

of transfection on the expression level of HLA class I molecules and

determined that HLA class I expression was induced by transfection at

both the mRNA and protein levels. Interestingly, this phenomenon was

also observed even in the tDQB1BLS-1 cells, where the DQ molecules

were not expressed on the cell surface, although the mRNA coding for

half of the DQ molecules was present (Figure 2). The reason for this

induction is not known; it is possible that the transfection enhanced

HLA I processing, resulting in higher cell surface expression.

Next, we wanted to study the cell surface distribution of these

molecules using FRET to reveal molecular associations within the

10 nm level and to characterize cluster formation using TEM

approaches at higher hierarchical levels between the 20 nm and sub-

micrometer levels.

First, we studied the homoassociation of HLA class I, class II, and

ICAM-1 molecules. High FRET efficiency was detected between HLA

class I molecules on JY and BLS-1 cells, and much lower FRET effi-

ciency was measured on the tDQ6-BLS-1 and tDQB1-BLS-1 cells,

although the expression level of HLA class I molecules was signifi-

cantly higher on these cells than on the parent BLS-1 cells (Figures 2

and 3). When we talk about “high” and “low” FRET efficiency we have

to consider the following. The FRET efficiency depends not only on

the distances between the donor and acceptor molecules, but also

on the fact that not all donor molecules are the FRET distance so

there are orphan donor molecules with zero FRET efficiency. We

measure the average ensemble FRET efficiency coming from all

molecular species on the cell surface labeled with the appropriate

donor and acceptor fluorophores therefore the ensemble FRET effi-

ciency on a single cell depends on both the distances and the relative

concentrations. According to our judgment, the distances do not

change to much within the associated molecules but rather the pro-

portion of the molecules which are associated or not associated. So,

the observation that the FRET efficiency was lower on the

tDQ6-BLS-1 and tDQB1-BLS-1 cells than on the parent BLS-1 cells,

although the expression level of HLA class I molecules was signifi-

cantly higher on these cells than on the parent BLS-1 cells suggests

that the newly appearing HLA class I molecules go to the cell surface

mostly as monomers. FRET studies showed significantly higher homo-

association between HLA class II molecules on tDQ6-BLS-1 than on

JY cells, although the expression level of HLA class II molecules was

five times higher on JY cells, suggesting that the de novo synthesized

DQ molecules go to the cell surface in associated states (mostly as

dimers or higher oligomers). Similarly, higher homoassociation was

detected between ICAM-1 molecules on the tDQB1-BLS-1 and

tDQB1-BLS-1 cells than on the JY or on the parent BLS-1 cells. This

can be explained only if we consider that the ICAM-1 molecules can

associate with the HLA class I and class II molecules as well. Homoas-

sociations do not exist in a “clear” form, and the presence of other

proteins in these protein complexes cannot be excluded; therefore,

we aimed to study the heteroassociations between these proteins.

As expected, high energy transfer was measured between the HLA

class I light chain and HLA class I heavy chain in all cell lines. However,

the FRET efficiency value was somewhat lower on the parent BLS-1

and the tDQB1-BLS-1 cells. This observation can be deciphered only

by using antibodies binding to the free heavy chains of HLA class I mol-

ecules, which was beyond the scope of this study. The heteroassocia-

tion between HLA class II and HLA class I molecules was somewhat

higher on tDQ6-BLS-1 cells than on JY cells, although the increase did

not reach the significance level. A higher degree of heteroassociation

was detected on tDQ6-BLS-1 and tDQB1-BLS-1 cells than on the par-

ent BLS-1 cells, probably because the induced HLA I expression

brought along ICAM-1 molecules as well. Similarly, a higher level of het-

eroassociation was detected between ICAM-1 and HLA class II mole-

cules on tDQ6-BLS-1 cells than on JY cells, probably because the de

novo synthesized DQ molecules could bring along ICAM-1 molecules

or preferentially associate with already existing ICAM-1 molecules on

the cell surface. These phenomena could explain why the homoassocia-

tion of ICAM-1 molecules was so high on the transfected tDQ6-BLS-1

and tDQB1-BLS-1 cells (Figures 2 and 3).

F IGURE 5 Transmission electron microscopy (TEM) micrographs of double immunogold-labeled HLA I and HLA II molecules on JY and

tDQ6-BLS-1 cells. Samples were labeled with anti-HLA I and anti-HLA II antibodies conjugated with 10 and 20 nm beads. The labeling procedure
was similar to that described in Figure 4 legend. (A) TEM micrographs of HLA I (10 nm) and HLA II (20 nm) on JY cells. The scale bar is 300 nm,
which is valid for panel B as well. (B) TEM micrographs of HLA I (10 nm) and HLA II (20 nm) on tDQ6-BLS-1 cells. The corresponding pair
correlation functions (PCFs) are (C) HLA I on JY cells; (D) HLA I on tDQ6-BLS-1 cells; (E) HLA II on JY cells; and (F) HLA II on tDQ6-BLS-1 cells.
The pair cross-correlation function (PCCF) indicates the cross-correlation function of HLA I and HLA II. (G) PCCF of HLA I and HLA II on JY cells;
(H) PCCF of HLA I and HLA II on tDQ6-BLS-1 cells. On the PCF and PCCF graphs, the continuous line represents the calculated PCF or PCCF,
the dotted dashed line is the value 1, and the upper and lower dashed lines represent the range of random distribution.
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After the detailed FRET studies, we investigated the cell surface

topology of HLA class I and HLA class II molecules on the submicrom-

eter scale using a TEM approach on the JY, BLS-1, and tDQ6-BLS-1

cells. Using antibodies conjugated to various sizes of gold beads, we

were able to show that HLA class I and class II molecules were

unevenly distributed in the TEM micrographs of JY and tDQ6-BLS-1

cells, where they formed clusters of various sizes. Understandably, the

parent BLS-1 cells have only HLA class I clusters because HLA class II

molecules were absent in this cell line. The sizes of these clusters

were determined from PCFs (Figure 4).

Using double immunogold labeling on JY and tDQ6-BLS-1 cells, we

wanted to see whether the HLA class I and class II clusters are inter-

spersed or separated. The pair cross-correlation function showed that

on JY cells, the HLA class I and class II molecules are mixed and inter-

spersed in the clusters. We were also able to detect HLA class I and class

II clusters on tDQ6-BLS-1 cells, but these clusters were separated. The

de novo synthesized DQ molecules form separated clusters on the cell

surface, and they do not intermingle with HLA class I clusters (Figure 5.)

Combining our FRET and TEM data, we were able to suggest a

model for the cell surface distribution of HLA class I, class II, and

ICAM-1 molecules (Figure 6). In the case of JY cells, HLA class I

and class II molecules form coclusters within which even ICAM-1 mol-

ecules can be found. FRET can be measured between these molecules

within the clusters and outside clusters, indicating homo and hetero-

associations between these molecules. In the case of tDQB6-BLS-1

cells, HLA class I and class II molecules form separate clusters. FRET

values monitoring homoassociations can come from both the clusters

and from outside of clusters, but FRET values monitoring heteroasso-

ciations can come mostly from outside of clusters. Most likely, it takes

a longer time for the independent HLA class I and class II clusters to

intermingle, potentially weeks, or months. The parent BLS-1 cells have

only HLA class I clusters, and ICAM-1 molecules can be found within

the clusters and outside of the clusters as well.

What is the biological significance of the protein clusters

described above? In most cases, there is no exact answer to this ques-

tion; based on literary data, we can only presume the functional

significance.

In soluble MHC:peptide multimer (dimers, trimers, and tetramers)

experiments, the aggregation of MHC molecules can significantly

increase the efficiency of the response in T cells. Several recent publica-

tions have reported on the location of immunological synapse mole-

cules according to a certain order (organizing into “supramolecular”
clusters) [35, 43–49]. In light of these facts, we can presume that some

of the reviewed associates (e.g., the homoassociation; the HLA class II—

HLA class I and the ICAM-1—HLA class I or class II heteroassociation)

play a role in the process of antigen presentation and in regulating its

efficiency. Their existence may promote the formation of immunologi-

cal synapses; furthermore, the high local HLA concentration provided

by the oligomerization of HLA molecules can significantly increase the

avidity of the connection between the two cells [50].

In summary, we were able to show the existence of different pro-

tein organization structures depending on the presence/absence of

the HLA-DQ6 gene, indicating its specific mode of action. In the

future, it would be interesting to compare the broad levels of HLA-

DQ6 antigen-mediated activation of T cells with the membrane pro-

tein distribution of B-lymphocytes. These studies will help to elucidate

the surface biology of B-lymphocytes in relation to the T1D protec-

tion mechanism by the HLA-DQ6 allele.
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