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Abstract: Although the observation of major histocompatibility complex II (MHCII) receptors on
T cells is longstanding, the explanation for this occurrence remains enigmatic. Reports of an
inducible, endogenous expression exist, as do studies demonstrating a protein acquisition from
other cells by mechanisms including vesicle transfer. Irrespective of origin, the presence of the human
MHCII isotype, human leukocyte antigen DR (HLA-DR), potentially identifies a regulatory T cell
population. Using an allogeneic mixed lymphocyte culture (MLC) to induce an antigen-specific
immune response, the role of antigen-presenting cells (APCs) for the presence of HLA-DR on cluster
of differentiation 3(CD3)+ CD4+ T cells was evaluated. Moreover, a functional phenotype was
established for these T cells. It was demonstrated that APCs were essential for HLA-DR on CD3+
CD4+ T cells. Additionally, a regulatory T cell phenotype was induced in CD3+ CD4+ HLA-DR+
responder T cells with an expression of CD25, CTLA-4, CD62L, PD-1, and TNFRII. This phenotype
was induced both with and without physical T cell:APC contact, which could reveal novel indications
about its functionality. To further investigate contact-independent communication, a phenotype
of the small cell-derived vesicles from the MLCs was determined. Yet heterogeneous, this vesicle
phenotype displayed contact-dependent differences, providing clues about their intended function in
cellular communication.
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1. Introduction

The expression of major histocompatibility complex II (MHCII) is essential for the specificity
of the adaptive immune system. The T cell receptor (TCR) of CD4+ T cells interacts with the
cognate peptide-MHCII complexes on antigen-presenting cells (APCs), thus activating the T cells.
The constitutive expression of MHCII is limited to professional APCs, however, MHCII has for more
than four decades also been observed on T cells [1–4]. In addition, the number of MHCII+ T cells
increases upon activation [4,5]. In line with this, the most frequently expressed MHCII molecule
in humans, the human leukocyte antigen DR (HLA-DR), is commonly used as a marker for T cell
activation [5–7]. It remains a subject of discussion, whether the presence of MHCII on T cells is
explained by an endogenous protein synthesis or by an acquisition from adjacent cells. Furthermore,
the functional consequences of MHCII on T cells are still poorly understood.
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An inducible, endogenous protein synthesis of MHCII has been suggested for T cells, similar
to that described for APCs. The expression of MHCII has been observed for T cells from several
species, including bovine [8], rat [9,10], and human [11]. In addition, T cells can also acquire fully
functional MHCII from neighboring cells by yet unconfirmed mechanisms. This molecular transfer
was already observed in the 1980’s [12] and since then several studies have demonstrated that the
acquisition is possible for rat [13], mouse [14–16] and human T cells [17]. Moreover, it has been stated
that an acquisition explains the presence of MHCII on mouse T cells [13,15], which are known not
to express MHCII endogenously even after in vitro stimulation [18]. The responsible mechanisms
have been reported as either being a vesicle-mediated transfer [13,19,20] or the acquisition of entire
membrane patches [21], also known as trogocytosis [22]. Regardless of an endogenous expression or a
protein acquisition, MHCII on T cells has mainly been associated with induction of down regulatory
signals in the responding T cell [11,23–25]. It has also been associated with active rather than resting
regulatory T cells (Tregs) [26]. However, several studies also demonstrate that the MHCII+ T cells
can activate other T cells [15,17]. Nonetheless, these functional findings collectively suggest a more
pronounced role of MHCII on T cells than being an activation marker and more studies are required to
investigate this.

The purpose of this study was to investigate if a functional and regulatory phenotype could
be induced in human CD3+ CD4+ HLA-DR+ T cells by vesicles. An allogeneic mixed lymphocyte
culture (MLC) was applied to induce an in vitro antigen-specific immune response. Since APCs have
been shown to produce immunomodulatory vesicles [27–29] and play a role for HLA-DR on T cells,
APCs were central in this investigation. As a new approach a contact-independent MLC was included,
in which the allogeneic T cells and APCs were separated. This allowed for the study of several features
of an antigen-specific immune response, which depend on the physical T cell:APC contact, including
vesicle-mediated communication and the presence of HLA-DR on CD3+ CD4+ T cells. A functional
phenotype was established for the HLA-DR-presenting T cells to clarify the conflicting observations
about their function and to compare any effects of the T cell:APC contact on this. Vesicles have emerged
as important immune regulators to induce functional phenotypes and also for intercellular transfer
of proteins and other molecules [27,29]. Therefore, the phenotype of vesicles, here focusing on the
small cell-derived extracellular vesicles (sEVs), was of interest, particularly when physical contact
between T cells and APCs was absent. Consequently, an extensive phenotype was also determined for
the cell-derived sEVs.

2. Results

2.1. Cellular Phenotype of HLA-DR-Presenting Responder CD3+ CD4+ T Cells

A 6-day, one-way allogeneic MLC assay was employed to further investigate the importance
of APCs for CD3+ CD4+ T cell activation and a subsequent presence of HLA-DR on CD4+ T cells.
This assay induces an in vitro immune response with activation of the 5–10% responder CD4+ T
cells that recognize alloantigens on the stimulator cells, which are irradiated and thus incapable of
cellular activation and proliferation. The high frequency of alloreactive T cells, compared to T cells
specific for a single antigen, enables a detectable response. Consequently, the assay is very useful
for the in vitro study of various aspects of T cell activation and function [30]. The importance of
a physical interaction between the responder cells and the stimulator cells was evaluated, using a
contact-independent MLC (transwell (TW) MLC), in which a porous membrane physically separated
the responder and stimulator cells, allowing only for transmembrane communication. The cellular
phenotype of the CD3+ CD4+ HLA-DR+ responder cells was characterized by a flow cytometric
evaluation of seven cell surface markers related to the activity and function of both Tregs and effector T
cells (Teffs). Initially, the CD3+ CD4+ HLA-DR+ T cells were identified (Figure 1A), using a fluorescence
minus one (FMO)-approach [31]. As previously described, this enables a less user-biased placement of
a positive gate, when a marker is expressed continuously, such as HLA-DR on CD3+ CD4+ T cells [32].
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For the three culture samples, the levels of CD3+ CD4+ HLA-DR+ T cells were relatively comparable,
although the fraction of these T cells was highest in the contact-dependent MLC (Figure 1B). Here,
20.5 ± 2.4% CD3+ CD4+ HLA-DR+ T cells could be detected, which was significantly different from the
baseline measurements of 6.9 ± 2.0% (p = 0.009; n = 3, biological replicates). For the TW MLC and the
responder control sample, 13.3 ± 3.3% and 18.0 ± 1.3% CD3+ CD4+ HLA-DR+ T cells were identified,
respectively. The associated p values, when compared to baseline, were 0.174 and 0.022, respectively.
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from the classic MLC and the TW MLC. Selected markers were also investigated for the responder 
control at day 6. Data is presented as mean ± SEM. n = 3 (biological replicates; see Section 4.3). NA: 
Not available; this data was not determined. (C) A ratio of the expression of each of the seven 
markers was made between the classic MLC and the TW MLC. Repl: Replicate; Relates to each of 
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Figure 1. Cellular phenotypes of HLA-DR+ responder CD3+ CD4+ T cells after contact-dependent and
-independent MLC. A flow cytometric analysis was used to determine the presence of HLA-DR and
other selected cell surface markers on the responder cells of the contact-dependent MLC (classic) and
contact-independent MLC (TW). (A) Gating of the responder T cells. The responder cells were identified
from their eFluor 450 labeling, which separated them from the stimulator cells. This labeling was
only used for separating responder cells from stimulator cells and not for proliferative measurements.
HLA-DR+ events were identified with a pre-defined gate from a fluorescence minus one (FMO) control.
The plots are representative examples from one of the three included biological replicates. (B) To
compare their cellular phenotype, a flow cytometric evaluation of seven markers was performed at
baseline (day 0) and at day 6 for the responder HLA-DR+ T cells from the classic MLC and the TW
MLC. Selected markers were also investigated for the responder control at day 6. Data is presented
as mean ± SEM. n = 3 (biological replicates; see Section 4.3). NA: Not available; this data was not
determined. (C) A ratio of the expression of each of the seven markers was made between the classic
MLC and the TW MLC. Repl: Replicate; Relates to each of the three biological replicates included.
CTLA-4: cytotoxic T-lymphocyte associated protein 4. PD-1: Programmed cell death 1; TNFRII: TNF
receptor II. *, p < 0.05; **, p ≤ 0.01.

When comparing the phenotype of the HLA-DR-presenting CD3+ CD4+ responder T cells from
the classic MLC and the TW MLC, four of the seven included markers were enriched in the classic
MLC (Figure 1C). The markers included CD25, cytotoxic T-lymphocyte associated protein 4 (CTLA-4),
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tumor necrosis factor receptor II (TNFRII), and programmed cell death 1 (PD-1) (Figure 1B). The most
differentially expressed marker was CD25, which exhibited almost a 2-fold increase in expression
in the classic MLC, as compared to the TW MLC. In addition, the detected CD25 expression in the
classic MLC was more than 3 times greater than the corresponding expression in the responder control
(9.0 ± 0.4%; p = 0.027) and 1.6 times greater than the baseline expression (18.6 ± 4.1%). For the TW
MLC, these numbers were 1.7 and 0.8, respectively. For CTLA-4, the expression was approximately 50%
increased in the classic MLC, when compared to the observed expression in the TW MLC (40.5 ± 3.3%
and 26.6 ± 4.6%; p = 0.017). The expression of CTLA-4 in both MLCs was also significantly different
from the responder control (6.8 ± 0.3%), yielding a 4–6 times higher percentage-wise expression in
the MLCs. Moreover, when compared to the baseline measurements (2.6 ± 0.4%), the expression
was 10- and 15-fold higher in the TW MLC and classic MLC, respectively. With regard to TNFRII,
the expression was approximately 40% greater in the classic MLC as compared to the TW MLC
(51.9 ± 0.9% and 38.0 ± 5.4%) (Figure 1B). However, the CD3+ CD4+ HLA-DR+ responder T cells
had increased the expression of TNFRII almost 1.6 and 2 times in the TW MLC and classic MLC,
respectively, as compared to the baseline measurements (24.6 ± 3.5%). Finally, the expression of
PD-1 was on average 25% greater in the classic MLC than in the in the TW MLC (65.2 ± 8.1% and
52.1 ± 10.4%). In relation to the baseline measurements (42.8 ± 4.0%), PD-1 expression was 1.2 and
1.5 times greater in the TW MLC and classic MLC, respectively. The observed differences for the
percent-wise distribution of PD-1 was, however, not statistically significant between the three groups
(Figure 1B; p = 0.145). As a final note, CD62L was highly expressed on the CD3+ CD4+ HLA-DR+
in both MLC (69.3 ± 11.2%) and TW MLC (72.4 ± 6.4%). When compared to baseline (32.7 ± 0.8%),
the observed differences were statistically significant, with associated p-values of 0.025 and 0.019 for
the MLC and TW MLC, respectively.

2.2. Differential Expression Separates the HLA-DR- and HLA-DR+ Responder CD3+ CD4+ T Cells

In order to further characterize the MLC responder cells, the phenotypical differences between the
CD3+ CD4+ HLA-DR- and CD3+ CD4+ HLA-DR+ T cells were evaluated. As shown in the correlation
plots in Figure 2A, four of the investigated markers were enriched in the HLA-DR+ subsets of both
MLCs, as compared to the corresponding HLA-DR- subsets. These markers were CD25, CTLA-4,
TNFRII, and PD-1. CD62L, which was highly expressed by the CD3+ CD4+ HLA-DR+ T cells from
both MLCs (Figure 1B), was present in similar levels in the HLA-DR- subsets (MLC: 74.4 ± 15%; TW
MLC: 70.2 ± 9). Since it was observed that PD-1 and TNFRII were present on both the HLA-DR+ and
the HLA-DR- CD4 subsets (Figure 2A, bottom panel), an additional analysis was performed to describe
the two T cell populations. Here, the median fluorescence intensity (MFI) values for the HLA-DR+ and
HLA-DR- T cell populations were determined. For PD-1, the MFI values were on average 1.7 higher
for the HLA-DR+ T cells (2400 ± 660), when compared to the HLA-DR- T cells (1400 ± 450) in the
MLC. A similar observation could be found for the TW MLC, with a 1.4 times greater MFI value for the
HLA-DR+ T cells (2100 ± 360) compared to the HLA-DR- T cells (1550 ± 370). Moreover, the observed
differences in MFI were statistically significant (MLC p = 0.043; TW MLC, p = 0.009; n = 3, biological
replicates). A comparable trend could also be detected for TNFRII. In the MLC setting, the associated
MFI values for the CD3+ CD4+ HLA-DR+ T cells (1000 ± 110) were on average 2.2 times greater than
the MFI values for the corresponding CD3+ CD4+ HLA-DR- T cells (450 ± 30). This number was 1.6
for the TW MLC, when comparing the MFI values for HLA-DR+ T cells (740 ± 25) with those for
the HLA-DR- T cells (475 ± 30). Also here, the observed MFI differences were statistically significant
(MLC p = 0.024; TW MLC, p = 0.004). As a final notion, it was consistently observed for both types of
MLC that the expression of CD11a was upregulated on the CD3+ CD4+ HLA-DR+ responder T cells,
as compared to the corresponding HLA-DR- subsets (n = 3) (Figure 2B).
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To further investigate the role of APCs for the presence of HLA-DR on CD3+ CD4+ T cells, we 
prepared monocultures of CD3+ CD4+ T cells from peripheral blood, thus removing the APCs. The 
T cell monocultures were then activated with either phytohaemagglutinin (PHA) or 
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cell surface. These two types of stimuli activate T cells through different mechanisms and since 
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Figure 2. Differential expression of several surface markers on HLA-DR+ and HLA-DR- responder
T cells determined by flow cytometry. (A) The correlation plots with adjunct histograms show the
correlation between CTLA-4 and CD25 (top panel) as well as PD-1 and TNFRII (bottom panel) for
CD3+ CD4+ HLA-DR+ responder T cells and the HLA-DR- equivalent. The plots are representative
examples for the three biological replicates included; (B) The expression of CD11a shown for CD3+
CD4+ HLA-DR+ and CD3+ CD4+ HLA-DR- responder T cells. The histograms are representative for
one of the three biological replicates included.

2.3. Requirements for MLC-Induced Cellular Proliferation

As an additional measure, the cellular proliferation was determined for the two MLC
combinations. This is a conventional outcome measure, as proliferation indicates cellular activation
as a result of antigen recognition. A prominent proliferative response was detected from the cells in
the contact-dependent MLC (classic MLC), as compared to the responder control sample (Figure 3).
Contrary to this observation, the responder cells from the contact-independent MLC (TW MLC) did
not proliferate above the level detected for the responder control. The contrasting proliferative profiles
consequently either suggests that an allogeneic immune response was only initiated in the classic MLC
or that differential cellular mechanisms and functionalities are associated with the two types of MLCs.
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Figure 3. Cellular proliferation after contact-dependent and -independent MLCs. After a 6-day MLC,
either contact-dependent (classic) or contact-independent (TW), the proliferation of the responder cells
was determined. Data is presented as mean ± SEM. **, p ≤ 0.01; n = 3 (biological replicates). Cpm:
Counts per minute.

2.4. Inducible Presence of HLA-DR in Isolated CD3+ CD4+ T Cells

To further investigate the role of APCs for the presence of HLA-DR on CD3+ CD4+ T cells, we
prepared monocultures of CD3+ CD4+ T cells from peripheral blood, thus removing the APCs. The T



Int. J. Mol. Sci. 2017, 18, 1603 6 of 17

cell monocultures were then activated with either phytohaemagglutinin (PHA) or anti-CD3/anti-CD28
to induce a possible endogenous expression of the HLA-DR observed on their cell surface. These two
types of stimuli activate T cells through different mechanisms and since HLA-DR has been termed a
T cell activation marker it was expected that an increase in the surface-associated HLA-DR could be
observed upon stimulation. However, for both types of stimuli, an increase in the presence of HLA-DR
could not be detected after 20 h of stimulation for the isolated T cells (Figure 4, filled bars). In contrast,
the number of CD3+ CD4+ HLA-DR+ T cells increased, when peripheral blood mononuclear cells
(PBMCs) were stimulated with either PHA (p = 0.008) or anti-CD3/anti-CD28 (p = 0.001), as compared
to the unstimulated counterpart (Figure 4, hatched bars). Moreover, the proportion of CD3+ CD4+
HLA-DR+ T cells was approximately 12 and 9 times greater in the PBMC population than in the
monocultures stimulated with PHA (p = 0.006) or anti-CD3/anti-CD28 (p = 0.002), respectively.
The purity of the isolated CD3+ CD4+ T cells was 94.5 ± 5.2% (n = 3), as evaluated by flow cytometry.
Collectively, the observations suggest a non-existing HLA-DR expression in CD3+ CD4+ T cells and
further underline a significant role of APCs for the presence of HLA-DR on the surface of CD4+ T cells.
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Figure 4. Presence of HLA-DR on in vitro phytohaemagglutinin (PHA) or anti-CD3/anti-CD28
stimulated CD3+ CD4+ T cells. Isolated CD4+ T cells or peripheral blood mononuclear cells (PBMCs)
were stimulated with PHA or anti-CD3/anti-CD28 for 20 h. Subsequently, the presence of HLA-DR
was evaluated by flow cytometry for the CD3+ CD4+ T cells in all samples. Data is presented as
mean ± SEM. **, p ≤ 0.01; n = 2–6.

2.5. Contact-Dependent Differences Observed for the Phenotype of Small Extracellular Vesicles Following
Allogeneic MLC

As demonstrated above, APCs were essential for the presence of HLA-DR on CD3+ CD4+ T
cells. Moreover, a regulatory phenotype could be induced in HLA-DR-presenting CD3+ CD4+ T cells
(Figure 1), when physical T cell:APC contact was absent, pointing to a role of vesicles in this aspect.
Therefore, we wanted to examine the cell-derived vesicles from the MLC cultures. This was achieved
by a phenotypical characterization of the sEVs from the cell supernatants on day 6 of the MLCs. For the
characterization, we applied the extracellular vesicle (EV) Array to detect the sEVs displaying CD9,
CD63, and/or CD81; three vesicle-specific markers [33]. The EV Array is a semi-quantitative assay,
which has been shown to analyze sEVs that are mainly <150 nm [34]. No additional quantification of
the sEVs was performed, since the cells/volume in the cell culture setups were similar, enabling direct
comparison between the levels of each marker detected in the MLC and TW MLC.

A summary of the protein markers detected on these sEVs is depicted in the heat maps in
Figure 5A. Of the three EV-specific markers, only CD9 and CD81 could be detected in all samples.
In addition, CD82+ sEVs was also present in all samples. The relative distribution of these markers
can be seen in the left bar plot in Figure 5B. Here, it can be noted that the difference in the level of
sEV-associated CD9 detected in the upper chamber (UC) of the TW MLC samples, containing the
stimulator cells, was statistically significant, when compared to the responder control (p = 0.006).
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The presence of the remaining markers included in the EV phenotyping was quite heterogeneous.
However, tendencies were present for a number of these markers. As such, CD3 was predominantly
detected in the sEVs from the classic MLC, while it was practically absent in the TW MLC samples
(Figure 5B, right bar plot). There was a statistically significant difference between the sEV level of
CD3 detected in the classic MLC as compared to the sEV CD3 detected in TW MLC lower chamber
(LC), the TW MLC UC, and the stimulator control samples (p = 0.018, p = 0.021, p = 0.031, respectively)
(Figure 5B, right panel). As for CD3, CTLA-4 was also primarily detected on the sEVs from the classic
MLC. Nevertheless, the detectable signals for this marker were low. In the TW samples, sEVs were
more enriched in TNFRI, when compared to the classic MLC and the controls (Figure 5B). In relation
to HLA-DR, the obtained signals were all relatively low. However, this protein was mainly detected
on sEVs from the classic MLC and the upper chamber of the TW MLC system, which contained the
stimulator cells. Apart from the heterogeneous presence of many of the included markers, several
of these markers could not be detected or yielded barely detectable signals for sEVs from the MLCs.
These included lineage specific markers CD4 (T cells), CD19 (B cells), and CD83 (DCs) (data not
shown). Moreover, the hematopoietic marker CD45 and the class I equivalent of HLA-DR, HLA-ABC,
were also included in this list (data not shown). The applied growth medium was also included in
the sEV analysis and yielded no detectable signal for any of the included markers (data not shown).
Since the characterized sEVs relate to all the cells in the culturing system it was not possible to isolate
any cell-specific information. However, it is a new discovery that the phenotype of sEVs produced
during in vitro antigen-specific immune responses is highly heterogeneous.
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Figure 5. The phenotype of small extracellular vesicles (sEVs) from the MLCs. The extracellular vesicle
(EV) Array was applied to extensively phenotype the sEVs from the cell supernatants of the MLCs.
For the TW MLC, the upper chamber (UC) and lower chamber (LC) contained the stimulator cells
and responder cells, respectively. Antibodies targeting the listed markers were used for capturing
of the sEVs. The signal observed for each of the markers infers a simultaneous presence of CD9,
CD63, and/or CD81, since a cocktail of antibodies against these three vesicle markers was used for
detection. (A) Summary of selected, investigated markers for sEVs shown for each biological replicate;
(B) The relative distribution of selected EV markers for all MLCs and controls are visualized for the
highly expressed markers (left plot) and for those with a lower expression (right plot). Data is presented
as the mean ± SEM of the three included biological replicates. *, p < 0.05; **, p ≤ 0.01.
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3. Discussion

For many years it has been believed that T cells from most species possess the ability to express
HLA-DR/MHCII endogenously, particularly following activation. However, this dogma has been
challenged by several studies, demonstrating that a protein acquisition either completely account for
or contribute to the presence of HLA-DR on T cells. Nonetheless, HLA-DR in the context of T cells
points to a regulatory T cell subset, yet their potential functionality remains unclear. This formed
the basis to investigate the induced functional phenotype of CD3+ CD4+ HLA-DR+ after an in vitro
antigen-specific immune response. Here, the role of the physical contact with APCs and the cell-derived
vesicles was examined.

Initially, the significance of the physical T cell:APC contact was addressed. For that, both a
contact-dependent (classic) allogeneic MLC and a contact-independent MLC (Transwell, TW MLC)
were performed. By employing a MLC the in vivo antigen-recognition by T cells was approximated [35]
and the consequent and expected activation of CD3+ CD4+ responder T cells would enable an analysis
of HLA-DR presentation by these cells. Moreover, establishing a functional phenotype for these cells
would provide information about their potential role.

As can be visualized from Figure 1B, the fraction of the CD3+ CD4+ HLA-DR+ T cells were quite
similar for the MLCs and the responder control, although an increase was observed from the baseline
measurements. Hence, any suggestions about the mechanisms explaining the presence of HLA-DR
on the CD3+ CD4+ could not be immediately explained with these observations. However, it is an
important observation that the phenotype of these specific T cells from the MLCs was not induced
as an artifact by the culturing conditions, as the MLCs created notably different CD25 and CTLA-4
expression compared to the control (Figure 1B). It has also been demonstrated that a certain degree
of non-specific autoproliferation of CD4+ responder T cells, including Tregs, can be expected during
MLCs [36]. This may explain the percentage-wise increase in CD3+ CD4+ HLA-DR+ T cells in the
responder control, when compared to baseline. All in all, this signifies that an actual cellular response
was induced in both MLC scenarios. To further support this observation, we demonstrated that the
presence of HLA-DR on CD3+ CD4+ T cells could not be induced by activation stimuli, when APCs
were absent (Figure 4). Taken together, these results indicate an essential role of APCs, and possibly
accessory cells, for HLA-DR on CD3+ CD4+ T cells.

Since a cellular response was seemingly induced in both the contact-dependent and –independent
MLC, we addressed yet another aspect relating to the physical T cell:APC contact and T cell activation.
A classic experimental readout from a MLC is to measure the cellular proliferation. A proliferative
response during a MLC points to the induction of an antigen-specific immune response, in which T
cells are activated and can differentiate into Teffs [15,30,37]. In this study, contact-dependent differences
in the proliferative capacity could be observed, as only a notable proliferative response was detected
for the responder cells in all contact-dependent (classic) MLCs (Figure 3). Hence, the proliferation
observed in allogeneic MLCs required physical contact between T cell and APC. Since a cellular
reaction was initiated in both MLCs, the lack of proliferation in the TW MLC could indicate the
presence of an alternate cellular reaction compared to the classic MLC. This points to mechanistic,
and most likely also functional, differences for the two MLC scenarios.

To search for these potential functional differences linked to the physical T cell:APC contact and
to expand on the role of HLA-DR on CD3+ CD4+ T cells, a functional phenotype for the responder
CD3+ CD4+ HLA-DR+ T cells was characterized. This characterization included seven cell surface
markers, including general T cell activation markers, as well as markers associated with Tregs and T
cell suppression. The latter category of cell surface markers was included since HLA-DR on T cells
mainly has been associated with suppressive activity [23–25], as it has been observed for HLA-DR+
Tregs [11]. In addition, anti-MHCII antibodies have been demonstrated to block the suppressive activity
of activated human Tregs [38], suggesting an important role for HLA-DR on Tregs. Of the seven included
markers, the differential expression was mostly pronounced for four of these, when comparing the
classic MLC to the TW MLC. These included CD25, CTLA-4, PD-1, and TNFRII (Figure 1B) and all
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markers were mostly enriched in CD3+ CD4+ HLA-DR+ responder T cells from the classic MLC
(Figure 1C). Moreover, the expression of the four selected markers was enhanced in the CD3+ CD4+
HLA-DR+ T cells, when compared to the corresponding HLA-DR- subsets (Figure 2A). Therefore,
these markers could help to define the function of the HLA-DR+ T cells. Finally, a pronounced and
comparable expression of one marker, CD62L, could be detected for the two MLCs. It is notable that
the phenotype of the CD3+ CD4+ HLA-DR+ responder T cells in the TW MLC was almost identical
to the corresponding phenotype in the classic MLC, although with a delayed or a less prominent
expression (except for CD62L). This was demonstrated for all of the three included biological replicates,
pointing to a consistent trend. The novelty in these observations is that a similar phenotype could be
induced in the CD3+ CD4+ HLA-DR+ T cells both by direct contact with APCs (MLC) and by vesicles,
which were likely produced by the APCs. It would consequently be interesting to explore if the TW
MLC response is a component of the full T cell response observed in the contact-dependent, classic
MLC or if it could represent a separate mechanism for immune regulation.

Regarding the significance of the cellular phenotyping, most of the investigated markers can be
found on both conventional Teffs and Tregs. Due to their dissimilar functionalities, it was important
to look for expressional patterns to differentiate these two cellular groups. In the case of CD25 and
CTLA-4, these two markers displayed a positive correlation for a part of the CD3+ CD4+ HLA-DR+
cells (Figure 2A, top panel). However, the non-uniform correlation demonstrated how the CD3+ CD4+
HLA-DR+ T cells were a heterogeneous cell population, which we have also previously observed [32].
Like CTLA-4, PD-1 has an essential role in T cell inhibition and consequently also in peripheral
tolerance [39,40]. Moreover, T cells can express one of the two ligands for PD-1 (PD-Ls) [39,41].
A PD-1/PD-L1 ligation in T cells is mostly associated with induction of anergy [39,41–43]. Interestingly,
the ligation between PD-1 and PD-L has also been suggested to play a role in the interaction between
T cells [44], though with currently unverified effects. Blocking CTLA-4 and PD-1 reduces Treg activity
in melanoma patients [45] and, as previously mentioned, blocking of HLA-DR on activated Tregs has
similar effects [38]. This could suggest a yet unknown link between HLA-DR, CTLA-4, PD-1, Tregs,
and their suppressive capacity. TNFRII was also enriched in the CD3+ CD4+ HLA-DR+ responder T
cells in both MLCs, when compared to the HLA-DR- counterparts (Figure 2A, bottom panel). Moreover,
TNFRII positively correlated with the expression of PD-1. Several studies have shown that TNFRII
is primarily confined to Tregs in both human and mouse [46–48]. A suppressive activity of CD4+
CD25+ TNFRII+ HLA-DR+ T cells has been established with an observed co-expression of CTLA-4 [25].
The T cell homing receptor CD62L, or L-selectin, has been detected on CD4+ CD25+ HLA-DR+ Tregs

in peripheral blood [11] and a suppressive capacity was demonstrated for CD4+ CD25+ CD62L+
Tregs [49,50]. Hence, a concurrent presence of HLA-DR, CD25, CD62L, CTLA-4, PD-1, and TNFRII on
CD4+ T cells could very likely identify a subset of cells with suppressive activity. An identification of
such a potential suppressive function of the CD3+ CD4+ HLA-DR+ responder T cells in the present
study would consequently be relevant. In total, the observations presented here strongly suggest a
role as Tregs rather than Teffs for the CD3+ CD4+ HLA-DR+ T cells.

As established, the physical T cell:APC contact influenced both proliferation and cellular
phenotype. Hence, cellular communication by soluble factors and vesicles were central in the TW
MLC setup and possibly also in the classic MLC. Previous reports demonstrate transfer of HLA-DR
to T cells from APCs by vesicles [13,19,20]. In addition, EVs have emerged as important regulators
in the immune system [29]. Based on this, we characterized the sEVs in the cell supernatants from
the MLCs to obtain information about the vesicular communication and functionality. This was
achieved by extensively phenotyping the sEVs for both vesicle-specific and cell-specific protein surface
markers, using the EV Array [33,34]. Only vesicle surface membrane-associated proteins, and not
soluble proteins, can be detected with this technology, due to the use of different antibodies for capture
and detection. Moreover, crude cell supernatant can be applied without additional vesicle isolation,
as constituents and vesicles inherently present in the growth medium alone do not yield any detectable
signal [34,51,52].
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With this analysis, we detected sEVs containing CD9, CD81, and CD82, from all MLCs and
controls. Of these three tetraspanins, CD9 and CD81 are generally accepted as vesicle hallmark
markers that identify a particular subset of sEVs, called exosomes [53,54]. However, these proteins are
not exclusively present on this vesicle type. Moreover, CD82 has also been associated with this type of
EV [55]. EVs, and in particular exosomes, are known to be key players in cellular communication, both
in maintaining homeostasis and for the progression of pathological condition, including cancer [33].
Also, immunomodulatory effects of EVs have been documented, involving transfer of proteins and
other molecules, such as RNA, between cells, effectively changing the phenotype and function of the
recipient cell [19,29,56,57]. The detection of CD9, CD81, and CD82 in the current study indicated that
production of such sEVs were present in all of the cellular samples. This is relevant, since vesicle-based
cellular communication in the context of allogeneic MLCs has yet to be characterized. However,
the detected sEV phenotypes were very heterogeneous across the biological replicates (Figure 5B, right
bar plot). Although the phenotype was heterogeneous, this study is, to the best of our knowledge, the
first to present sEV phenotype analyses from MLCs. It has been demonstrated that the sEV phenotype
obtained in the applied TW setup is reproducible [51], thus pointing to other factors giving rise to
this heterogeneity. Pronounced inter-individual variations in the sEV phenotype have been observed
for the vesicles found in plasma of healthy individuals [34]. The quite different sEV phenotypes
detected in the present study could be a consequence of such variations. This may indicate that the
EV phenotype can be individually adapted, which is unlike the cellular phenotype described above,
for which there were consistent trends for all individuals.

The heterogeneity of the sEV phenotypes complicates identification of their functionality.
Nevertheless, a number of contact-dependent differences could be detected. Two T cell-associated
proteins, CD3 and CTLA-4, were predominantly observed in the classic MLC. Conversely, TNFRI was
mostly found on sEVs from the TW system. Also, HLA-DR-bearing sEVs were mostly observed in the
TW compartment holding the stimulator cells. In terms of functionality, the down-regulation of CD3
following T cell activation [58,59] has been associated with the production of CD3-enriched EVs [60],
as a tool of this down-regulation. Hence, EVs may be used for other purposes than intercellular
communication. Though the contact-dependent differences in the sEV phenotypes were subtle, they
could reflect distinct functions of these vesicles in each of the MLC systems. Nonetheless, this remains
to be determined. In the context of HLA-DR, it has been noted that vesicles possibly mediate the
demonstrated transfer of HLA-DR from APCs to T cells [15–17,19,20] and that they can perform direct
antigen presentation to T cells [27,56,61,62]. The levels of sEV-associated HLA-DR detected for both
MLCs were low. This may either signify a modest production of HLA-DR bearing sEVs or a high
uptake rate, making them inaccessible to analysis. In spite of this, HLA-DR bearing vesicles were in
fact produced, which could indicate a role for them in antigen-specific immune responses and also for
HLA-DR on T cells. However, to fully support this, any by-stander effects from autologous APCs in
the system should be eliminated and co-cultures of T cells and allogeneic APCs could be prepared.
In addition, more studies are necessary to track whether such HLA-DR+ sEVs can be incorporated
into T cells, either in a random or non-random fashion, and to investigate the potential functionality.
Such studies could also assist to fully identify the source of the sEVs. Nonetheless, the sEV-related
results point to a relevance of vesicle analysis in relation to in vitro induced antigen-specific immune
responses, which may in turn provide novel insight into the in vivo immunomodulatory significance
of EVs.
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4. Materials and Methods

4.1. Cells and Isolation

Venous peripheral blood was obtained from healthy donors with known HLA types. Each blood
donor had signed a written consent form, allowing for the use of his or her blood for research
purposes. The procedure was approved by local ethics legislation. The blood was collected in
heparinized tubes (Vacuette, Lithium Heparin, Greiner Bio One, Frickenhausen, Germany). Isolation
of peripheral blood mononuclear cells (PBMCs) was accomplished by using Lymphoprep ™ gradient
centrifugation (Axis-Shield, Oslo, Norway). The PBMCs were either used directly after the isolation
or stored at −140 ◦C in a storage medium (RPMI 1640 (Gibco, Life Technologies, Carlsbad, CA,
USA), 40% heat-inactivated fetal calf serum (FCS) (Gibco), 10% dimethyl sulfoxide (Merck Millipore,
Darmstadt, Germany), 100 U/mL penicillin/10 µg/mL streptomycin (Ampliqon, Odense, Denmark)).
The CD4+ T cells were isolated from PBMCs using either a Dynabeads® CD4 Positive Selection kit
(Invitrogen, Life Technologies, Carlsbad, CA, USA) or a Dynabeads® Regulatory CD4+ CD25+ T Cell
Kit (Invitrogen), using only the CD4+ isolation part. The entire procedure was carried out according to
the manufacturer’s guidelines. The purity of the isolated cells was evaluated by flow cytometry.

4.2. Mitogenic and Antigen-Like Stimulation

The isolated CD4+ T cells or PBMCs were seeded in a concentration of 7 × 105 cells/mL in
culture medium (RPMI 1640, 10% FCS, 100 U/mL penicillin/10 µg/mL streptomycin) with or without
mitogenic/antigen-like stimuli for 20 h. The mitogen PHA (Sigma-Aldrich, St. Louis, MO, USA) was
used in a final concentration of 3.3 µg/mL, while Dynabeads® Human T-Activator CD3/CD28 for T
Cell Expansion and Activation (Invitrogen) was used according to the manufacturer’s guidelines.

4.3. Mixed Lymphocyte Culture

A 6-day, one-way allogeneic mixed lymphocyte culture (MLC) was performed with PBMCs from
two donors with HLA mismatch, in order to induce an allogen-specific immune response. Each of
the three included biological replicates comprised two unique donors, thus including six donors in
total. Prior to the MLC, the stimulator cells were irradiated (1700 rad), while the responder cells
were labeled with 15 µM Cell Proliferation Dye eFluor® 450 (eBioscience, San Diego, CA, USA)
according to the manufacturers guidelines. This labeling was performed to allow for separation of
responder cells and stimulator cells in the flow cytometric analysis and was not used to evaluate
the proliferative response (see below for specifics on proliferation). For the contact-dependent MLC
(classical), 5 × 104 of each responder and stimulator cells were mixed in a 96-well plate (Nunc, Thermo
Scientific, Waltham, MA, USA) in a total volume of 150 µL culture medium (RPMI 1640, 10% FCS,
100 U/mL penicillin/10 µg/mL streptomycin). Approximately 96 wells were made for each classic
MLC. For the contact-independent setup, stimulator cells and responder cells were separated by a
Millicell® Hanging Cell Culture Insert (Merck Millipore) with a pore size of 0.4 µm (hereafter termed
transwell (TW)) in 24-well plates (Nunc). Since the relative placement of the cells in the TW system can
affect the vesicle phenotype, the cells exerting the major stimulatory function (the stimulator cells) were
placed in the UC of the TW system, while primary vesicle recipient (responder cells) was placed in the
LC [51]. The upper chamber (UC) contained 2.5 × 105 stimulator cells in 400 µL of culture medium,
while the lower chamber (LC) contained 5 × 105 responder cells in 800 uL of culture medium. A total
of 10 wells were made for each TW MLC. For the stimulator and responder control samples, 5 × 104

of either responder or stimulator cells were seeded in a 96-well plate, as described above. A total of
approximately 24 wells were made for the control samples. On day 5, 50 µL (1 µCi, 96-well plate) or
400 µL (8 µCi, 24-well plate) of Thymidine-3H (Perkin Elmer, Waltham, MA, USA) was added to the
selected wells designated for measurements of proliferation. The Thymidine-3H labeled cells were
harvested after 24 h and radioactive incorporation was detected in a scintillation counter (TopCount
NXT, Perkin Elmer, Waltham, MA, USA). On day 6 of the MLCs, the cell culture supernatants were
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removed and centrifuged once at 500× g 10 min at room temperature (RT) to pellet cells. A protease
inhibitor cocktail (EDTA-free, diluted 1:50 in PBS) was added to the cell-free supernatants, which
were stored at −40 ◦C prior to vesicle phenotyping. No further isolation of the EVs was performed.
A cellular phenotyping of the cells from the MLCs was performed using flow cytometry.

4.4. Cellular Phenotyping with Flow Cytometry

Antibodies for cellular phenotyping: Conjugated antibodies against the following targets
were obtained from BD Biosciences (Mountainview, CA, USA): CD3-APC (UCHT1), CD3-FITC
(UCHT1), CD3-PerCP (SP34-2), CD4-APC-H7 (SK3), CD4-FITC (RPA-T4), CD4-PE (RPA-T4),
CD11a-FITC (G43-25B), CD25-FITC (M-A251), CD62L-FITC (DREG-56), CD127-PE (HIL-7R-M21),
CD152 (CTLA-4)-PE (BNI3), CD279 (PD-1)-PE-Cy7 (EH12.1), HLA-DR-FITC (L243), HLA-DR-PE
(L243), HLA-DR-PerCP-Cy5.5 (L243) (these anti-HLA-DR antibodies were applied for the analyses
shown in Figure 4 and only % Positive events, and not median fluorescence intensity (MFI) values,
were used in the data analysis), mouse-IgG1-APC-H7 (X40), mouse-IgG1-FITC (MOPC-21), mouse
IgG1-PE (MOPC-21), mouse IgG1-PerCP (MOPC-21), and mouse IgG1-PE-Cy7 (MOPC-21). Antibodies
against HLA-DR-Alexa Fluor 647 (L243) (this anti-body was used for the analyses shown in Figure 1)
and mouse-IgG2a-Alexa Fluor 647 (MOPC-173) were from BioLegend (San Diego, CA, USA).
Mouse-IgG2a-FITC (eBM2a) and mouse-IgG2a-PE (eBM2a) were from eBioscience. Anti-TNFRII
(CD120b)-PE (80M2) was from Immunotech (Beckman Coulter, Inc., Brea, CA, USA). Mouse-IgG1-APC
(DAK-GO1) was from Dako A/S (Glostrup, Denmark).

Staining of cells: For the detection of selected surface markers, 1 × 106 of harvested PBMCs from
the MLCs were stained with the relevant antibodies or the matched isotype control antibodies (30 min,
RT). After staining, the cells were washed once with PBS prior to the flow cytometric analysis.

Data acquisition and analysis: The acquisition of stained cells was performed on a FACSCanto A
using FACSDiva™ software (version 6.1.3, BD Biosciences, Mountainview, CA, USA). Calibration and
compensation settings for the cytometer were obtained daily by using the 7-Color Setup Beads (BD
Biosciences, Mountainview, CA, USA) and once a week with the FACSDiva™ CS&T Research Beads
(BD Biosciences, Mountainview, CA, USA). The analysis of the data was carried out with the FlowJo
software (version 10.0.7, FlowJo LLC, Ashland, OR, USA). Negative isotype controls or fluorescence
minus one (FMO) controls [31,63] were utilized to identify the positive events. For the FMO control a
maximum of 1% of positive events were allowed in the double-positive quadrant.

4.5. EV Array Analysis

Microarray production: Epoxy-coated slides (Schott Nexterion, Jena, Germany) were printed
using SpotBot® Extreme Protein Edition Microarray Printer (ArrayIt, CA, USA) as previously
described [52,64].

Antibodies and proteins for vesicle phenotyping: A total of 24 anti-human antibodies and one
protein were used. They are listed in the following with the corresponding product number (#)
or clone. From R&D Systems (Minneapolis, MN, USA): Annexin V (#AF399), CD4 (34930), CD19
(4G7-2E3), CD45 (2D1), CD80 (37711), CD82 (#423524), CD83 (H15e), LAMP-2 (H4A3), TNFRI (#DY225),
and TNFRII (#DY726). From Biolegend: Alix (3A9), CD63 (MEM-259), HLA-ABC (W6/32), and
HLA-DR (L243). From LifeSpan BioSciences, Inc. (Seattle, WA, USA): CD9 (#LS-C35418), CD81
(#LS-B7347), and CTLA-4 (ANC152.2/8H5). From BD Biosciences: CD3 (Hit3a) and CD14 (M5E2).
From Abcam (Cambridge, MA, USA): Flotilin-1 (#Ab41927) and TSG101 (5B7). From Santa Cruz
Biotechnologies (Dallas, TX, USA): TLR-3 (TLR3.7). From Abbiotec (San Diego, CA, USA): CD11a
(HI111). From eBioscience: ICAM-1 (R6.5). From Haematologic Technologies, Inc. (Essex Juncton, VT,
USA): Lactadherin (protein) (#BLAC-1200). All antibodies and protein were printed in triplicates at
180–200 µg/mL diluted in PBS containing 5% glycerol.

Catching and visualization: Blocking of the microarray slides was performed in 50 mM
ethanolamine, 100 mM Tris, 0.1% SDS, pH 9.0 prior to incubation with 100 µL of undiluted cell
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culture supernatant. The incubation was performed in Multi-Well Hybridization Cassettes (ArrayIt) at
room temperature (RT) for two hours followed by overnight incubation at 4 ◦C. The slides were washed
in wash buffer (0.05% Tween 20®, PBS), and the slides were afterwards incubated with biotinylated
detection antibodies (diluted 1:1500, anti-human-CD9, -CD63, -CD81, (Ancell Corporation, MN, USA))
in wash buffer. After a wash, the detection was performed with a subsequent 30 min incubation step
with Cy5-labelled streptavidin (diluted 1:1500, Life Technologies) in wash buffer. Prior to scanning at
635 nm, the slides were washed first in washing buffer and then in MilliQ water and dried using a
Microarray High-Speed Centrifuge (ArrayIt). The final scanning and spot detection was performed as
previously described [34,64].

Data analysis: GraphPad Prism (version 6.04, GraphPad Software, Inc., San Diego, CA, USA)
and Excel (version 2013, Microsoft, Redmond, WA, USA) were used to create the graphs. Heat maps
were produced using Genesis (version 1.7.6, IGB TU Graz, Graz, Austria). The relative intensities were
calculated for a given antibody spot by taking the signal intensity, as the mean signal of triplicate
spots, in relation to the sample signal of the negative spot (PBS) in triplicate. For each spot, the signal
intensity was calculated by subtracting the mean of the background (no sample/blank, washing buffer)
from the mean of the foreground (spot signal). The antibodies signal intensities were converted to log
space by log2 transformation before visualization and calculation of linearity.

4.6. Statistical Analysis

The statistical analysis of data was performed using SigmaPlot (version 11, Systat Software Inc.,
San Jose, CA, USA). To test for differences between two groups, a paired or unpaired t-test was applied
to test for differences between the two groups of cells from the same individual or between two
individuals, respectively. To test for differences between more than two groups, a one-way repeated
measures ANOVA, followed by Tukey’s post-hoc analysis, was applied. Differences between groups
were considered statistically significant, when p < 0.05.

5. Conclusions

In the current study, we demonstrated that the presence of APCs was required for the existence of
HLA-DR on human CD3+ CD4+ T cells. A regulatory phenotype could be induced in CD3+ CD4+
HLA-DR+ T cells after an in vitro antigen-specific immune response. This phenotype was produced
both with and without physical T cell:APC contact. Hence, both direct interaction and vesicles can
give rise to similar cell populations and may indicate how the immune system facilitates long-distance
regulation. Finally, this study presents a novel and relevant methodological platform that can be used
to study several features of antigen-specific immune responses related to the contact and intercellular
communication between the involved immune cells.

Acknowledgments: The authors gratefully acknowledge technician Anne Elbæk, Department of Clinical Immunology,
Aalborg University Hospital, Denmark, for excellent technical assistance.

Author Contributions: Anne Louise Schacht Revenfeld designed, performed and analyzed data from all
cell-based work, including the flow cytometric analyses, and drafted the manuscript. Rikke Bæk and
Malene Møller Jørgensen performed the experimental work, analyzed data from the EV Array analysis, and edited
the manuscript. Kim Varming and Allan Stensballe contributed to the study design, supervised the study, and
edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2017, 18, 1603 14 of 17

References

1. Evans, R.L.; Faldetta, T.J.; Humphreys, R.E.; Pratt, D.M.; Yunis, E.J.; Schlossman, S.F. Peripheral human T
cells sensitized in mixed leukocyte culture synthesize and express Ia-like antigens. J. Exp. Med. 1978, 148,
1440–1445. [CrossRef] [PubMed]

2. Ko, H.S.; Fu, S.M.; Winchester, R.J.; Yu, D.T.; Kunkel, H.G. Ia determinants on stimulated human T
lymphocytes. Occurrence on mitogen- and antigen-activated T cells. J. Exp. Med. 1979, 150, 246–255.
[CrossRef] [PubMed]

3. Sharrow, S.O.; Ozato, K.; Sachs, D.H. Phenotypic expression of I-A and I-E/C subregion determinants on
murine thymocytes. J. Immunol. 1980, 125, 2263–2268. [PubMed]

4. Yu, D.T.; Winchester, R.J.; Fu, S.M.; Gibofsky, A.; Ko, H.S.; Kunkel, H.G. Peripheral blood Ia-positive T cells.
Increases in certain diseases and after immunization. J. Exp. Med. 1980, 151, 91–100. [CrossRef] [PubMed]

5. Reddy, M.; Eirikis, E.; Davis, C.; Davis, H.M.; Prabhakar, U. Comparative analysis of lymphocyte activation
marker expression and cytokine secretion profile in stimulated human peripheral blood mononuclear cell
cultures: An in vitro model to monitor cellular immune function. J. Immunol. Methods 2004, 293, 127–142.
[CrossRef] [PubMed]

6. Ferenczi, K.; Burack, L.; Pope, M.; Krueger, J.G.; Austin, L.M. CD69, HLA-DR and the IL-2R identify
persistently activated T cells in psoriasis vulgaris lesional skin: Blood and skin comparisons by flow
cytometry. J. Autoimmun. 2000, 14, 63–78. [CrossRef] [PubMed]

7. Shipkova, M.; Wieland, E. Surface markers of lymphocyte activation and markers of cell proliferation.
Clin. Chim. Acta 2012, 413, 1338–1349. [CrossRef] [PubMed]

8. Isaacson, J.A.; Flaming, K.P.; Roth, J.A. Increased MHC class II and CD25 expression on lymphocytes
in the absence of persistent lymphocytosis in cattle experimentally infected with bovine leukemia virus.
Vet. Immunol. Immunopathol. 1998, 64, 235–248. [CrossRef]

9. Broeren, C.P.; Wauben, M.H.; Lucassen, M.A.; Van Meurs, M.; Van Kooten, P.J.; Boog, C.J.; Claassen, E.;
Van Eden, W. Activated rat T cells synthesize and express functional major histocompatibility class II
antigens. Immunology 1995, 84, 193–201. [CrossRef] [PubMed]

10. Reizis, B.; Schramm, C.; Cohen, I.R.; Mor, F. Expression of major histocompatibility complex class II molecules
in rat T cells. Eur. J. Immunol. 1994, 24, 2796–2802. [CrossRef] [PubMed]

11. Baecher-Allan, C.; Wolf, E.; Hafler, D.A. MHC class II expression identifies functionally distinct human
regulatory T cells. J. Immunol. 2006, 176, 4622–4631. [CrossRef] [PubMed]

12. Lorber, M.I.; Loken, M.R.; Stall, A.M.; Fitch, F.W. I-A antigens on cloned alloreactive murine T lymphocytes
are acquired passively. J. Immunol. 1982, 128, 2798–2803. [PubMed]

13. Patel, D.M.; Arnold, P.Y.; White, G.A.; Nardella, J.P.; Mannie, M.D. Class II MHC/peptide complexes are
released from APC and are acquired by T cell responders during specific antigen recognition. J. Immunol.
1999, 163, 5201–5210. [PubMed]

14. Patel, D.M.; Mannie, M.D. Intercellular exchange of class II major histocompatibility complex/peptide
complexes is a conserved process that requires activation of T cells but is constitutive in other types of
antigen presenting cell. Cell Immunol. 2001, 214, 165–172. [CrossRef] [PubMed]

15. Tsang, J.Y.; Chai, J.G.; Lechler, R. Antigen presentation by mouse CD4+ T cells involving acquired MHC class
II: Peptide complexes: Another mechanism to limit clonal expansion? Blood 2003, 101, 2704–2710. [CrossRef]
[PubMed]

16. Buschow, S.I.; Nolte-’t Hoen, E.N.; van Niel, G.; Pols, M.S.; ten Broeke, T.; Lauwen, M.; Ossendorp, F.;
Melief, C.J.; Raposo, G.; Wubbolts, R.; et al. MHC II in dendritic cells is targeted to lysosomes or T
cell-induced exosomes via distinct multivesicular body pathways. Traffic 2009, 10, 1528–1542. [CrossRef]
[PubMed]

17. Game, D.S.; Rogers, N.J.; Lechler, R.I. Acquisition of HLA-DR and costimulatory molecules by T cells from
allogeneic antigen presenting cells. Am. J. Transpl. 2005, 5, 1614–1625. [CrossRef] [PubMed]

18. Otten, L.A.; Tacchini-Cottier, F.; Lohoff, M.; Annunziato, F.; Cosmi, L.; Scarpellino, L.; Louis, J.; Steimle, V.;
Reith, W.; Acha-Orbea, H. Deregulated MHC class II transactivator expression leads to a strong Th2 bias in
CD4+ T lymphocytes. J. Immunol. 2003, 170, 1150–1157. [CrossRef] [PubMed]

19. Arnold, P.Y.; Mannie, M.D. Vesicles bearing MHC class II molecules mediate transfer of antigen from
antigen-presenting cells to CD4+ T cells. Eur. J. Immunol. 1999, 29, 1363–1373. [CrossRef]

http://dx.doi.org/10.1084/jem.148.5.1440
http://www.ncbi.nlm.nih.gov/pubmed/152800
http://dx.doi.org/10.1084/jem.150.2.246
http://www.ncbi.nlm.nih.gov/pubmed/88499
http://www.ncbi.nlm.nih.gov/pubmed/6159403
http://dx.doi.org/10.1084/jem.151.1.91
http://www.ncbi.nlm.nih.gov/pubmed/6985649
http://dx.doi.org/10.1016/j.jim.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15541283
http://dx.doi.org/10.1006/jaut.1999.0343
http://www.ncbi.nlm.nih.gov/pubmed/10648117
http://dx.doi.org/10.1016/j.cca.2011.11.006
http://www.ncbi.nlm.nih.gov/pubmed/22120733
http://dx.doi.org/10.1016/S0165-2427(98)00139-1
http://dx.doi.org/10.1016/j.cellimm.2005.06.002
http://www.ncbi.nlm.nih.gov/pubmed/7750994
http://dx.doi.org/10.1002/eji.1830241133
http://www.ncbi.nlm.nih.gov/pubmed/7525305
http://dx.doi.org/10.4049/jimmunol.176.8.4622
http://www.ncbi.nlm.nih.gov/pubmed/16585553
http://www.ncbi.nlm.nih.gov/pubmed/6804568
http://www.ncbi.nlm.nih.gov/pubmed/10553040
http://dx.doi.org/10.1006/cimm.2001.1897
http://www.ncbi.nlm.nih.gov/pubmed/12088415
http://dx.doi.org/10.1182/blood-2002-04-1230
http://www.ncbi.nlm.nih.gov/pubmed/12433692
http://dx.doi.org/10.1111/j.1600-0854.2009.00963.x
http://www.ncbi.nlm.nih.gov/pubmed/19682328
http://dx.doi.org/10.1111/j.1600-6143.2005.00916.x
http://www.ncbi.nlm.nih.gov/pubmed/15943619
http://dx.doi.org/10.4049/jimmunol.170.3.1150
http://www.ncbi.nlm.nih.gov/pubmed/12538670
http://dx.doi.org/10.1002/(SICI)1521-4141(199904)29:04&lt;1363::AID-IMMU1363&gt;3.0.CO;2-0


Int. J. Mol. Sci. 2017, 18, 1603 15 of 17

20. Undale, A.H.; van den Elsen, P.J.; Celis, E. Antigen-independent acquisition of MHC class II molecules by
human T lymphocytes. Int. Immunol. 2004, 16, 1523–1533. [CrossRef] [PubMed]

21. Wetzel, S.A.; McKeithan, T.W.; Parker, D.C. Peptide-specific intercellular transfer of MHC class II to CD4+
T cells directly from the immunological synapse upon cellular dissociation. J. Immunol. 2005, 174, 80–89.
[CrossRef] [PubMed]

22. Joly, E.; Hudrisier, D. What is trogocytosis and what is its purpose? Nat. Immunol. 2003, 4, 815. [CrossRef]
[PubMed]

23. Holling, T.M.; Schooten, E.; van Den Elsen, P.J. Function and regulation of MHC class II molecules in
T-lymphocytes: Of mice and men. Hum. Immunol. 2004, 65, 282–290. [CrossRef] [PubMed]

24. Pichler, W.J.; Wyss-Coray, T. T cells as antigen-presenting cells. Immunol. Today 1994, 15, 312–315. [CrossRef]
25. Chen, X.; Oppenheim, J.J. The phenotypic and functional consequences of tumour necrosis factor receptor

type 2 expression on CD4(+) FoxP3(+) regulatory T cells. Immunology 2011, 133, 426–433. [CrossRef]
[PubMed]

26. Rosenblum, M.D.; Way, S.S.; Abbas, A.K. Regulatory T cell memory. Nat. Rev. Immunol. 2016, 16, 90–101.
[CrossRef] [PubMed]

27. Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles. Nat. Rev. Immunol.
2014, 14, 195–208. [CrossRef] [PubMed]

28. Robbins, P.D.; Dorronsoro, A.; Booker, C.N. Regulation of chronic inflammatory and immune processes by
extracellular vesicles. J. Clin. Investig. 2016, 126, 1173–1180. [CrossRef] [PubMed]

29. Gutierrez-Vazquez, C.; Villarroya-Beltri, C.; Mittelbrunn, M.; Sanchez-Madrid, F. Transfer of extracellular
vesicles during immune cell-cell interactions. Immunol. Rev. 2013, 251, 125–142. [CrossRef] [PubMed]

30. O’Flaherty, E.; Wong, W.K.; Pettit, S.J.; Seymour, K.; Ali, S.; Kirby, J.A. Regulation of T-cell apoptosis: A mixed
lymphocyte reaction model. Immunology 2000, 100, 289–299. [CrossRef] [PubMed]

31. Herzenberg, L.A.; Tung, J.; Moore, W.A.; Parks, D.R. Interpreting flow cytometry data: A guide for the
perplexed. Nat. Immunol. 2006, 7, 681–685. [CrossRef] [PubMed]

32. Revenfeld, A.L.; Steffensen, R.; Pugholm, L.H.; Jorgensen, M.M.; Stensballe, A.; Varming, K. Presence of
HLA-DR molecules and HLA-DRB1 mRNA in circulating CD4(+) T cells. Scand. J. Immunol. 2016, 84,
211–221. [CrossRef] [PubMed]

33. Revenfeld, A.L.; Baek, R.; Nielsen, M.H.; Stensballe, A.; Varming, K.; Jorgensen, M. Diagnostic and prognostic
potential of extracellular vesicles in peripheral blood. Clin. Ther. 2014, 36, 830–846. [CrossRef] [PubMed]

34. Jorgensen, M.; Baek, R.; Pedersen, S.; Sondergaard, E.K.; Kristensen, S.R.; Varming, K. Extracellular Vesicle
(EV) Array: Microarray capturing of exosomes and other extracellular vesicles for multiplexed phenotyping.
J. Extracell. Vesicles 2013. [CrossRef] [PubMed]

35. Felix, N.J.; Allen, P.M. Specificity of T-cell alloreactivity. Nat. Rev. Immunol. 2007, 7, 942–953. [CrossRef]
[PubMed]

36. Levitsky, J.; Miller, J.; Leventhal, J.; Huang, X.; Flaa, C.; Wang, E.; Tambur, A.; Burt, R.K.; Gallon, L.;
Mathew, J.M. The human “Treg MLR”: Immune monitoring for FOXP3+ T regulatory cell generation.
Transplantation 2009, 88, 1303–1311. [CrossRef] [PubMed]

37. Engleman, E.G.; McDevitt, H.O. A suppressor T cell of the mixed lymphocyte reaction specific for the HLA-D
region in man. J. Clin. Investig. 1978, 61, 828–838. [CrossRef] [PubMed]

38. Peiser, M.; Becht, A.; Wanner, R. Antibody blocking of MHC II on human activated regulatory T cells
abrogates their suppressive potential. Allergy 2007, 62, 773–780. [CrossRef] [PubMed]

39. Okazaki, T.; Honjo, T. The PD-1-PD-L pathway in immunological tolerance. Trends Immunol. 2006, 27,
195–201. [CrossRef] [PubMed]

40. Fife, B.T.; Bluestone, J.A. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4 and PD-1
pathways. Immunol. Rev. 2008, 224, 166–182. [CrossRef] [PubMed]

41. Freeman, G.J.; Long, A.J.; Iwai, Y.; Bourque, K.; Chernova, T.; Nishimura, H.; Fitz, L.J.; Malenkovich, N.;
Okazaki, T.; Byrne, M.C.; et al. Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family
member leads to negative regulation of lymphocyte activation. J. Exp. Med. 2000, 192, 1027–1034. [CrossRef]
[PubMed]

42. Dilek, N.; Poirier, N.; Hulin, P.; Coulon, F.; Mary, C.; Ville, S.; Vie, H.; Clémenceau, B.; Blancho, G.; Vanhove, B.
Targeting CD28, CTLA-4 and PD-L1 costimulation differentially controls immune synapses and function of
human regulatory and conventional T-cells. PLoS ONE 2013, 8, e83139. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/intimm/dxh154
http://www.ncbi.nlm.nih.gov/pubmed/15351785
http://dx.doi.org/10.4049/jimmunol.174.1.80
http://www.ncbi.nlm.nih.gov/pubmed/15611230
http://dx.doi.org/10.1038/ni0903-815
http://www.ncbi.nlm.nih.gov/pubmed/12942076
http://dx.doi.org/10.1016/j.humimm.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15120183
http://dx.doi.org/10.1016/0167-5699(94)90078-7
http://dx.doi.org/10.1111/j.1365-2567.2011.03460.x
http://www.ncbi.nlm.nih.gov/pubmed/21631498
http://dx.doi.org/10.1038/nri.2015.1
http://www.ncbi.nlm.nih.gov/pubmed/26688349
http://dx.doi.org/10.1038/nri3622
http://www.ncbi.nlm.nih.gov/pubmed/24566916
http://dx.doi.org/10.1172/JCI81131
http://www.ncbi.nlm.nih.gov/pubmed/27035808
http://dx.doi.org/10.1111/imr.12013
http://www.ncbi.nlm.nih.gov/pubmed/23278745
http://dx.doi.org/10.1046/j.1365-2567.2000.00048.x
http://www.ncbi.nlm.nih.gov/pubmed/10929050
http://dx.doi.org/10.1038/ni0706-681
http://www.ncbi.nlm.nih.gov/pubmed/16785881
http://dx.doi.org/10.1111/sji.12462
http://www.ncbi.nlm.nih.gov/pubmed/27417521
http://dx.doi.org/10.1016/j.clinthera.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24952934
http://dx.doi.org/10.3402/jev.v2i0.20920
http://www.ncbi.nlm.nih.gov/pubmed/24009888
http://dx.doi.org/10.1038/nri2200
http://www.ncbi.nlm.nih.gov/pubmed/18007679
http://dx.doi.org/10.1097/TP.0b013e3181bbee98
http://www.ncbi.nlm.nih.gov/pubmed/19996930
http://dx.doi.org/10.1172/JCI108997
http://www.ncbi.nlm.nih.gov/pubmed/147885
http://dx.doi.org/10.1111/j.1398-9995.2007.01339.x
http://www.ncbi.nlm.nih.gov/pubmed/17573725
http://dx.doi.org/10.1016/j.it.2006.02.001
http://www.ncbi.nlm.nih.gov/pubmed/16500147
http://dx.doi.org/10.1111/j.1600-065X.2008.00662.x
http://www.ncbi.nlm.nih.gov/pubmed/18759926
http://dx.doi.org/10.1084/jem.192.7.1027
http://www.ncbi.nlm.nih.gov/pubmed/11015443
http://dx.doi.org/10.1371/journal.pone.0083139
http://www.ncbi.nlm.nih.gov/pubmed/24376655


Int. J. Mol. Sci. 2017, 18, 1603 16 of 17

43. Butte, M.J.; Pena-Cruz, V.; Kim, M.J.; Freeman, G.J.; Sharpe, A.H. Interaction of human PD-L1 and B7-1.
Mol. Immunol. 2008, 45, 3567–3572. [CrossRef] [PubMed]

44. Bennett, F.; Luxenberg, D.; Ling, V.; Wang, I.M.; Marquette, K.; Lowe, D.; Khan, N.; Veldman, G.; Jacobs, K.A.;
Valge-Archer, V.; et al. Program death-1 engagement upon TCR activation has distinct effects on costimulation
and cytokine-driven proliferation: Attenuation of ICOS, IL-4, and IL-21, but not CD28, IL-7, and IL-15
responses. J. Immunol. 2003, 170, 711–718. [CrossRef] [PubMed]

45. Curran, M.A.; Montalvo, W.; Yagita, H.; Allison, J.P. PD-1 and CTLA-4 combination blockade expands
infiltrating T cells and reduces regulatory T and myeloid cells within B16 melanoma tumors. Proc. Natl.
Acad. Sci. USA 2010, 107, 4275–4280. [CrossRef] [PubMed]

46. Chen, X.; Subleski, J.J.; Kopf, H.; Howard, O.M.; Mannel, D.N.; Oppenheim, J.J. Cutting edge: Expression
of TNFR2 defines a maximally suppressive subset of mouse CD4+CD25+FoxP3+ T regulatory cells:
Applicability to tumor-infiltrating T regulatory cells. J. Immunol. 2008, 180, 6467–6471. [CrossRef] [PubMed]

47. Chen, X.; Subleski, J.J.; Hamano, R.; Howard, O.M.; Wiltrout, R.H.; Oppenheim, J.J. Co-expression of TNFR2
and CD25 identifies more of the functional CD4+FOXP3+ regulatory T cells in human peripheral blood.
Eur. J. Immunol. 2010, 40, 1099–1106. [CrossRef] [PubMed]

48. Van Mierlo, G.J.; Scherer, H.U.; Hameetman, M.; Morgan, M.E.; Flierman, R.; Huizinga, T.W.; Toes, R.E.
Cutting edge: TNFR-shedding by CD4+CD25+ regulatory T cells inhibits the induction of inflammatory
mediators. J. Immunol. 2008, 180, 2747–2751. [CrossRef] [PubMed]

49. Fu, S.; Yopp, A.C.; Mao, X.; Chen, D.; Zhang, N.; Chen, D.; Mao, M.; Ding, Y.; Bromberg, J.S. CD4+ CD25+
CD62+ T-regulatory cell subset has optimal suppressive and proliferative potential. Am. J. Transpl. 2004, 4,
65–78. [CrossRef]

50. Ermann, J.; Hoffmann, P.; Edinger, M.; Dutt, S.; Blankenberg, F.G.; Higgins, J.P.; Negrin, R.S.; Fathman, C.G.;
Strober, S. Only the CD62L+ subpopulation of CD4+CD25+ regulatory T cells protects from lethal acute
GVHD. Blood 2005, 105, 2220–2226. [CrossRef] [PubMed]

51. Revenfeld, A.L.S.; Soendergaard, E.K.L.; Stensballe, A.; Baek, R.; Jorgensen, M.M.; Varming, K.
Characterization of a cell culturing system for the study of contact-independent extracellular vesicle
communication. J. Circ. Biomark. 2016, 5, 1–9. [CrossRef]

52. Jorgensen, M.M.; Baek, R.; Varming, K. Potentials and capabilities of the Extracellular Vesicle (EV) Array.
J. Extracell. Vesicles 2015, 4, 26048. [CrossRef] [PubMed]

53. Andaloussi, S.E.L.; Mager, I.; Breakefield, X.O.; Wood, M.J. Extracellular vesicles: Biology and emerging
therapeutic opportunities. Nat. Rev. Drug Discov. 2013, 12, 347–357. [CrossRef] [PubMed]

54. Gyorgy, B.; Szabo, T.G.; Pasztoi, M.; Pál, Z.; Misják, P.; Aradi, B.; László, V.; Pállinger, E.; Pap, E.; Kittel, A.; et al.
Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles. Cell. Mol. Life Sci. 2011,
68, 2667–2688. [CrossRef] [PubMed]

55. Escola, J.M.; Kleijmeer, M.J.; Stoorvogel, W.; Griffith, J.M.; Yoshie, O.; Geuze, H.J. Selective enrichment of
tetraspan proteins on the internal vesicles of multivesicular endosomes and on exosomes secreted by human
B-lymphocytes. J. Biol. Chem. 1998, 273, 20121–20127. [CrossRef] [PubMed]

56. Nolte-’t Hoen, E.N.; Buschow, S.I.; Anderton, S.M.; Stoorvogel, W.; Wauben, M.H. Activated T cells recruit
exosomes secreted by dendritic cells via LFA-1. Blood 2009, 113, 1977–1981. [CrossRef] [PubMed]

57. Okoye, I.S.; Coomes, S.M.; Pelly, V.S.; Czieso, S.; Papayannopoulos, V.; Tolmachova, T.; Seabra, M.C.;
Wilson, M.S. MicroRNA-containing T-regulatory-cell-derived exosomes suppress pathogenic T helper 1 cells.
Immunity 2014, 41, 89–103. [CrossRef] [PubMed]

58. Liu, H.; Rhodes, M.; Wiest, D.L.; Vignali, D.A. On the dynamics of TCR:CD3 complex cell surface expression
and downmodulation. Immunity 2000, 13, 665–675. [CrossRef]

59. San, J.E.; Borroto, A.; Niedergang, F.; Alcover, A.; Alarcon, B. Triggering the TCR complex causes the
downregulation of nonengaged receptors by a signal transduction-dependent mechanism. Immunity 2000,
12, 161–170. [CrossRef]

60. Choudhuri, K.; Llodra, J.; Roth, E.W.; Tsai, J.; Gordo, S.; Wucherpfennig, K.W.; Kam, L.C.; Stokes, D.L.;
Dustin, M.L. Polarized release of T-cell-receptor-enriched microvesicles at the immunological synapse.
Nature 2014, 507, 118–123. [CrossRef] [PubMed]

61. Raposo, G.; Nijman, H.W.; Stoorvogel, W.; Liejendekker, R.; Harding, C.V.; Melief, C.J.; Geuze, H.J. B
lymphocytes secrete antigen-presenting vesicles. J. Exp. Med. 1996, 183, 1161–1172. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.molimm.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18585785
http://dx.doi.org/10.4049/jimmunol.170.2.711
http://www.ncbi.nlm.nih.gov/pubmed/12517932
http://dx.doi.org/10.1073/pnas.0915174107
http://www.ncbi.nlm.nih.gov/pubmed/20160101
http://dx.doi.org/10.4049/jimmunol.180.10.6467
http://www.ncbi.nlm.nih.gov/pubmed/18453563
http://dx.doi.org/10.1002/eji.200940022
http://www.ncbi.nlm.nih.gov/pubmed/20127680
http://dx.doi.org/10.4049/jimmunol.180.5.2747
http://www.ncbi.nlm.nih.gov/pubmed/18292492
http://dx.doi.org/10.1046/j.1600-6143.2003.00293.x
http://dx.doi.org/10.1182/blood-2004-05-2044
http://www.ncbi.nlm.nih.gov/pubmed/15546950
http://dx.doi.org/10.5772/62580
http://dx.doi.org/10.3402/jev.v4.26048
http://www.ncbi.nlm.nih.gov/pubmed/25862471
http://dx.doi.org/10.1038/nrd3978
http://www.ncbi.nlm.nih.gov/pubmed/23584393
http://dx.doi.org/10.1007/s00018-011-0689-3
http://www.ncbi.nlm.nih.gov/pubmed/21560073
http://dx.doi.org/10.1074/jbc.273.32.20121
http://www.ncbi.nlm.nih.gov/pubmed/9685355
http://dx.doi.org/10.1182/blood-2008-08-174094
http://www.ncbi.nlm.nih.gov/pubmed/19064723
http://dx.doi.org/10.1016/j.immuni.2014.05.019
http://www.ncbi.nlm.nih.gov/pubmed/25035954
http://dx.doi.org/10.1016/S1074-7613(00)00066-2
http://dx.doi.org/10.1016/S1074-7613(00)80169-7
http://dx.doi.org/10.1038/nature12951
http://www.ncbi.nlm.nih.gov/pubmed/24487619
http://dx.doi.org/10.1084/jem.183.3.1161
http://www.ncbi.nlm.nih.gov/pubmed/8642258


Int. J. Mol. Sci. 2017, 18, 1603 17 of 17

62. Admyre, C.; Bohle, B.; Johansson, S.M.; Focke-Tejkl, M.; Valenta, R.; Scheynius, A.; Gabrielsson, S. B
cell-derived exosomes can present allergen peptides and activate allergen-specific T cells to proliferate and
produce TH2-like cytokines. J. Allergy Clin. Immunol. 2007, 120, 1418–1424. [CrossRef] [PubMed]

63. Roederer, M. Spectral compensation for flow cytometry: Visualization artifacts, limitations, and caveats.
Cytometry 2001, 45, 194–205. [CrossRef]

64. Baek, R.; Jorgensen, M.M. Multiplexed Phenotyping of small extracellular vesicles using protein microarray
(EV Array). Methods Mol. Biol. 2017, 1545, 117–127. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jaci.2007.06.040
http://www.ncbi.nlm.nih.gov/pubmed/17868797
http://dx.doi.org/10.1002/1097-0320(20011101)45:3&lt;194::AID-CYTO1163&gt;3.0.CO;2-C
http://dx.doi.org/10.1007/978-1-4939-6728-5_8
http://www.ncbi.nlm.nih.gov/pubmed/27943210
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cellular Phenotype of HLA-DR-Presenting Responder CD3+ CD4+ T Cells 
	Differential Expression Separates the HLA-DR- and HLA-DR+ Responder CD3+ CD4+ T Cells 
	Requirements for MLC-Induced Cellular Proliferation 
	Inducible Presence of HLA-DR in Isolated CD3+ CD4+ T Cells 
	Contact-Dependent Differences Observed for the Phenotype of Small Extracellular Vesicles Following Allogeneic MLC 

	Discussion 
	Materials and Methods 
	Cells and Isolation 
	Mitogenic and Antigen-Like Stimulation 
	Mixed Lymphocyte Culture 
	Cellular Phenotyping with Flow Cytometry 
	EV Array Analysis 
	Statistical Analysis 

	Conclusions 

