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Abstract

Age-associated thymic involution has considerable physiological impact by inhibiting de novo T-cell selection. This impaired
T-cell production leads to weakened immune responses. Yet the molecular mechanisms of thymic stromal adipose
involution are not clear. Age-related alterations also occur in the murine thymus providing an excellent model system. In the
present work structural and molecular changes of the murine thymic stroma were investigated during aging. We show that
thymic epithelial senescence correlates with significant destruction of epithelial network followed by adipose involution. We
also show in purified thymic epithelial cells the age-related down-regulation of Wnt4 (and subsequently FoxN1), and the
prominent increase in LAP2a expression. These senescence-related changes of gene expression are strikingly similar to
those observed during mesenchymal to pre-adipocyte differentiation of fibroblast cells suggesting similar molecular
background in epithelial cells. For molecular level proof-of-principle stable LAP2a. and Wnt4-over-expressing thymic
epithelial cell lines were established. LAP2a over-expression provoked a surge of PPARy expression, a transcription factor
expressed in pre-adipocytes. In contrast, additional Wnt4 decreased the mRNA level of ADRP, a target gene of PPARY.
Murine embryonic thymic lobes have also been transfected with LAP2a- or Wnt4-encoding lentiviral vectors. As expected
LAP2a over-expression increased, while additional Wnt4 secretion suppressed PPARy expression. Based on these pioneer
experiments we propose that decreased Wnt activity and increased LAP2a expression provide the molecular basis during
thymic senescence. We suggest that these molecular changes trigger thymic epithelial senescence accompanied by adipose
involution. This process may either occur directly where epithelium can trans-differentiate into pre-adipocytes; or indirectly
where first epithelial to mesenchymal transition (EMT) occurs followed by subsequent pre-adipocyte differentiation. The
latter version fits better with literature data and is supported by the observed histological and molecular level changes.
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Introduction Signaling pathways of thymic epithelial cell development

and maintenance

Thymic senescence

Thymic senescence begins early, around late puberty. This
process is called adipose involution, as the thymus is invaded by
adipose tissue [1]. Due to decrease in thymic epithelial tissue mass,
the thymus can no longer support the same output of T-cell
production [2]. Therefore peripheral blood T lymphocyte
composition exhibits the dominance of memory T lymphocytes
resulting in impaired responses towards novel, particularly viral
infections [3,4,5]. Since the thymic epithelium has a key role in
deleting auto-reactive T-cell clones, functional impairment
increases the chances of developing auto-immune disease [6]. If
we were able to slow down or even stop the loss of thymic
epithelium the elderly would have a better chance to address late-
onset autoimmune diseases and viral infections. However, despite
studies of thymic senescence, the molecular mechanism of thymic
aging remains elusive.
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Understanding  signaling mechanisms that regulate tissue
development and maintenance of thymic epithelial cells might
reveal the process of adipose involution. Certainly, maintenance
and functional integrity of the thymic stroma requires stimuli
through Notch, BMP, and Wnt signaling pathways [7,8,9,10,11].
Undoubtedly, the Wnt family of secreted glycoproteins is one of
the best analyzed among the required ligands [12]. Most members
of the nineteen known Wnt glycoproteins have been implicated in
both the development of embryonic thymus and the maintenance
of adult thymic epithelium [13]. In the thymus, Wnt ligands
originate primarily from thymic epithelial cells and activate a
highly complex signaling network via ten G-protein dependent
receptors called Frizzleds (Fz), and their co-receptors of low-
density lipoprotein receptor-related proteins 5/6 called LRP5/6
[14,15]. The actual constellation of ligands, receptors, co-receptors
and further regulatory molecules define Wnt-mediated effects.
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Recent studies have highlighted Wnt4 as responsible for the direct
up-regulation of FoxN1, a key transcription factor responsible for
the differentiation of thymic epithelial cells and the subsequent
maintenance of thymic epithelial identity [13]. Interestingly, the
Wnt/B-catenin pathway is known to efficiently block the adipocyte
differentiation program in mesenchymal elements like fibroblasts

[16,17,18,19].

Trans-differentiation of fibroblasts into adipocytes
Studies with fibroblast cells have also revealed that fibroblast to
pre-adipocyte transformation is strongly connected to LAP2a, the
member of the LAP2 protein family [17]. To date there are 7
classified intranuclear LAP2 polypeptides marked by the Greek
alphabet. They are all splice variants of the same LAP2 gene
previously called thymopoietin. While most splice variants
associate with the nuclear envelope, LAP2a is involved in several
nucleoplasmic activities including cell-cycle control and differen-
tiation [20,21]. LAP2a is synthesized in the cytoplasm and is then
transported into the nucleus by a PKC-dependent mechanism
[22]. The mere over-expression of LAP2¢a in fibroblasts is known
to directly up-regulate PPARY expression, an acknowledged
marker and key transcription factor of pre-adipocyte differentia-
tion [17]. In pre-adipocytes PPARY expression is followed by an
increase of ADRP expression (adipose differentiation-related
protein) a known direct target gene of PPARy. Although LAP2a
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over-expression alone initiates pre-adipocyte differentiation in
fibroblasts, it is not sufficient to complete the adipocyte
differentiation program in the absence of additional stimuli [17].

Results and Discussion

Disintegration of epithelial network

Senescence exhibits characteristic histological changes in both
the human and mouse thymus [1,23]. In order to demonstrate this
process the thymic lobes of 1 month and 1 year old BALB/c¢ mice
were analyzed (see Figures 1A and 1B). In young adult mice,
histology revealed strict segregation of epithelial cell compartments
by staining for medullary (EpCAMI1*, Ly517) and cortical
(EpCAMI1™, Ly51*") epithelial cellular subsets (Figure 1A). This
shows high level of morphological integrity just preceding
puberty/early adulthood. However, the highly organized structure
disintegrates and becomes chaotic by the age of 1 year (Figure 1B).
By this age the previously shown strict cortico-medullary
delineation becomes disintegrated, degenerative vacuoles appear
surrounded by areas showing strong co-staining with both
epithelial markers. There are also other large cellular areas that
lack staining with either epithelial marker, a pattern completely
absent at the young adult age.

Staining of extracellular matrix components of fibroblast origin
(ER-TR7"") was also performed on cryostate thymic sections of 2
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Figure 1. Disintegration of epithelial network. Figure 1A demonstrates cryostat section of 1 month, whereas figure 1B presents cryostat section
of 1 year old BALB/c mouse thymus. Staining pattern: anti-EpCAM1-FITC (green), anti-Ly51-PE (red), DAPI (blue). ‘M’ marks medullary (EpCAM1*™,
Ly517), while ‘C’ marks cortical (EpCAM1*, Ly51"") epithelial compartments on Figure 1A. Single asterisk (¥) marks degenerative vacuoles, while
double asterisk (**) mark the loss of epithelial staining on Figure 1B. Figure 1C (lower left) shows cryostate section of 2 month, whereas figure 1D
(lower right) demonstrates cryostate section of 9 month old BALB/c mouse thymus. Staining pattern: anti-EpCAM1-FITC, ER-TR7-PE, DAPI (blue). The
EpCAMT™ thymic medulla is outlined by continuous line on Figures 1C and 1D for easier visualization.

doi:10.1371/journal.pone.0010701.g001
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month and 9 month old BALB/c mice to identify epithelial and
mesenchymal elements in young adult and aging thymic lobes. The
above ages were selected to check additional time points and more
precisely map the timeframe of thymic physiological senescence (see
Figures 1C and 1D). The staining patterns are strikingly different at
the two ages examined. In the 2 month old thymic tissue section a-
EpCAMI1 and ER-TR7-staining show little tendency for co-
localization. In stark contrast, by the age of 9 months a-EpCAMI1
and ER-TR7-staining show significant overlap within the thymic
medulla, a phenomenon completely absent at earlier ages.

Adipose involution

To demonstrate how the disorganization of thymic epithelial
network is followed by the emergence of adipocytes, thymic
sections of 1.5 year old GFP-transgenic BALB/c mice were
analyzed. This mouse strain develops and reproduces exactly like
control BALB/c mice, and the thymic epithelial function and
thymocyte maturation is indistinguishable from wild type controls
[24]. However, due to the ubiquitous and strong EF1 promoter-
driven transgene transcription, bright GFP expression offers a
native, green-colored, cytoplasmic staining for all the cells in these
mice. Thymic sections of senescent GI'P-transgenic mice were co-
stained with LipidTox Red to identify adipocytes. Histology shows
the presence of relatively large, inflated cells in which the green-
colored (GFP-containing) cytoplasm is pushed to the periphery by
red-staining neutral lipid deposits, a pattern characteristic of
adipose cells (see Figure 2).

Molecular changes of thymic epithelium

Having presented structural changes of thymic epithelial
senescence, we set out to investigate the underlying molecular
events. In order to detect gene expression changes, thymic
epithelial cells were purified from 1 month and 1 year old
BALB/c mice based on EpCAMI expression (MACS separation).
Following ¢cDNA synthesis, quantitative RT-PCR analysis was
performed. Several genes including Wnt4, FoxNI1, PPARYy,
ADRP, laminl and LAP2o were tested (Table 1 lists primer
sequences and characteristics, see Figures 3A-D for changes in
gene expression). Figure 3A shows that the expression of both
Wnt4 and FoxNI decreases in thymic epithelial cells. Highly
decreased level (or total absence in some cases) of FoxN1 could be

Figure 2. Adipose involution. Figure 2 shows adipose involution
over cryostat section of 1.5 year old GFP-transgenic BALB/c mouse
thymus. Staining pattern: GFP (green), LipidTox Red (red).
doi:10.1371/journal.pone.0010701.g002
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the consequence of strong Wnt4 down-regulation by the age of 1
year, indicating that thymic epithelial cells can down-regulate
FoxNT1 expression while maintaining that of epithelial cell surface
markers like EpCAMI [13]. At the same time, mRNA levels of
pre-adipocyte differentiation markers PPARy and ADRP rise with
age in the same, EpCAMI-positive cell population (Figure 3C).
This finding is in harmony with histological data demonstrating
the emergence of adipocytes in the thymic lobes of senescent mice
(Figure 2). The expression of laminl, a key component of the
nuclear lamina remains unaffected during senescence in thymic
epithelial cells; whereas, the expression of LAP2a increases
significantly (see Figure 3B). This degree of dissociation between
laminl and LAP2a expression is of note and suggests functional
differences despite conventionally anticipated association of
laminl and LAP2 molecular family members. The measured
LAP2a up-regulation associated with age-related adipose involu-
tion is, however, in perfect agreement with other literature data
suggesting the pre-adipocyte differentiation-promoting effect of
LAP2a in fibroblasts [17]. This is the first report to show that such,
normally fibroblast associated molecular changes occur in purified
thymic epithelial cells. In the literature, epithelial-mesenchymal
transition is associated with differential expression of E- and N-
cadherin [25]. While E-cadherin decreases, N-cadherin normally
compensates for the loss of E-cadherin expression. To investigate
whether the first step towards pre-adipocyte differentiation is the
epithelial-mesenchymal transition of epithelial cells, gene expres-
sion changes of E-cadherin and N-cadherin were measured
(Figure 3D). While E-cadherin mRNA levels significantly de-
creased, N-cadherin gene expression showed a slight increase,
indicating that EMT might be the initial step in epithelial cell
transition to become pre-adipocytes.

Transgenic cell lines

Stable LAP2a over-expressing or Wnt4-secreting transgenic
TEPI1 cell lines were established using lentiviral transgenesis. The
use of a primary-derived model cell line provides the advantage of
absolute purity, the complete lack of other cell types that could
potentially affect the gene expression profile of epithelial cells [26].
The established transgenic cell lines proliferated normally and did
not show obvious signs of phenotypic changes (data not shown). In
contrast to morphology, quantitative RT-PCR analysis revealed
that LAP20 over-expression triggers an immense surge of PPARYy
expression (Figure 4). Such an increase in mRNA level suggests
that this is not a plain quantitative, but rather a qualitative change.
ADRP a direct target gene of PPARY was also up-regulated albeit
to a lesser extent (Figure 4). On the other hand in Wnt4-secreting
TEP! cells the mRNA level of both PPARy and ADRP was
decreased (Figure 4). In the TEP1 cell line the expression of FoxN1
could not be addressed as it is very low/undetectable and remains
as such with all the tested treatments (data not shown).

Transfected embryonic thymic organ cultures

To confirm the involvement of LAP20 and Wnt4 during
adipogenesis through their direct effect on PPARY expression in
primary cells, murine thymic lobes were isolated from timed
pregnancies at E12. Thymic lobes at the age of E12 provide an
excellent experimental setting where the thymus has just been
formed and there is no sign of aging. Furthermore, thymic lobes at
this stage are also small enough to be both cultured and transfected
as a whole, nutrients and virions have free access to most of the
cells in the lobe without the need of disrupting any intercellular
connection or tissue matrix [8,27]. The isolated lobes were
therefore transfected with lentiviral vectors encoding GFP (mock),
Wnt4 or LAP2a and were cultured for 4 days i vitro. Q-PCR was
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performed to confirm over-expression of LAP2ot and Wnt#4 in the
embryonic thymic lobes as a result of lentiviral transgenesis
(Figure 5A) and their effect on PPARYy expression was also
analyzed (Figure 5B). The level of over-expression was confirmed
following transfection with both LAP2a- and Wnt4-encoding viral
vectors. Q-PCR analysis revealed that LAP2a over-expression
triggers an increase of PPARY expression, whereas additional
Wnt4 secretion suppresses PPARY level (Figure 5B). The latter
Wnt4-mediated suppression of PPARY expression in cultures of
E12 thymic embryonic lobes was also confirmed by treatment with
Wnt4-containing supernatants of Wnt4 over-expressing TEP1 cell
line (data not shown). Interestingly, the expression of FoxN1 did
not decrease in LAP20 over-expressing thymic lobes (data not
shown), possibly due to high levels of Wnt4 in the embryonic

BWnt4 @ FoxN1

Table 1. List of gene specific PCR primers.
Gene Forward primer Reverse primer
B-actin 5'-TGG CGC TTT TGA CTC AGG A -3’ 5'-GGG AGG GTG AGG GAC TTC C - 3’
Wnt4 5'-CTC AAA GGC CTG ATC CAG AG - 3’ 5'-TCA CAG CCA CAC TTC TCC AG - 3’
LAP2a 5'-TGA ACT GCA GGC AGC TAA GA-3' 5'-TCA TAG CTA GAC TCT GAG G-3'
Lamin1 5" - TGA GTA CAA CCT GCG CTC AC -3/ 5" - TGA CTA GGT TGT CCC CGA AG -3’
PPARYy 5' - CCC AAT GGT TGC TGA TTA CAA A -3’ 5’ - AAT AAT AAG GTG GAG ATG CAG GTT CT -3’
ADRP 5’ - CGC CAT CGG ACA CTT CCT TA -3’ 5' - GTG ATG GCA GGC GAC ATC T -3’
E-cadherin 5'- AAG TGA CCG ATG ATG ATG CC -3’ 5'- CTT CAT TCA CGT CTA CCA CGT -3’
N-cadherin 5" - GTG GAG GCT TCT GGT GAA AT - 3’ 5" - CTG CTG GCT CGC TGC TT - 3’
FoxN1 Applied Biosystems TagMan probe PN4351272

(MmO00477457_m1)
doi:10.1371/journal.pone.0010701.t001

thymic tissue preserving FoxN1 status. Our molecular studies
using E12 thymic lobes confirmed our data obtained with the
TEP1 cell lines, that even in embryonic thymic tissue pre-
adipocyte differentiation markers can be up-regulated in the
presence of LAP2a, indicating that the process can be dissected
and controlled at a molecular level.

Conclusion

Here we show that with senescence, thymic epithelial Wnt4
secretion decreases, possibly below a threshold level that is
required to maintain the identity of established thymic epithelial
cells. This is measured by the loss of FoxIN1 expression, a key
transcription factor defining thymic epithelial cell identity.
However, these epithelial cells still express cell surface markers
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Figure 3. Molecular changes in thymic epithelium. Figures 3A-D demonstrate gene expression changes of MACS purified thymic epithelial
cells measured by Q-PCR. Please note that the Y-axis scale is logarithmic. Error bars show *1 SD.

doi:10.1371/journal.pone.0010701.g003
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Figure 4. Confirmation in transgenic thymic cell lines. Figure 4
shows gene expression changes of LAP2o. and Wnt4 over-expressing
transgenic TEP1 cells measured by Q-PCR. Please note that Y-axis scale
is logarithmic. Error bars show *1 SD.
doi:10.1371/journal.pone.0010701.g004

characteristic for thymic epithelial cells — i.e. EpCAMI1. Wnt4
deprivation opens up an opportunity for trans-differentiation
into pre-adipocytes. The simultaneous increase in LAP2a
expression provides the necessary signal that pushes de-
differentiated thymic epithelial cells to differentiate into pre-
adipocytes, as detected by increased mRNA levels of PPARYy
and ADRP.

We propose two different mechanisms for the process of adipose
mnvolution (see Figure 6). The first allows for the direct initiation of
pre-adipocyte differentiation from de-differentiated thymic epi-
thelial cells due to the down-regulation of Wnt4 and up-regulation
of LAP2a.. Although we cannot rule out this first model, we favor
the second model where the process occurs indirectly: de-
differentiation of thymic epithelial cells triggers EMT first, and
then the resulting fibroblasts undergo the conventional route of
differentiation program towards adipocyte-lineage commitment.
The latter model certainly fits better with current literature of
EMT [28] and is also supported by our histological and molecular
results. Co-localization of a-EpCAM1 and ER-TR7-staining in the
aging thymic medulla (Figure 1D) confirms that in the 9 month old
thymus there are cells expressing the EpCAM1 marker as a legacy
of their primary origin, and also secreting ER-TR7-positive
extracellular matrix components, a function conventionally
attributed to fibroblast cells. Moreover, Q-PCR data obtained
with cDNA samples of MACS-purified thymic epithelial cells also
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Figure 6. Model for thymic epithelial senescence. Figure 6
demonstrates our molecular level model of thymic adipose involution.
Decreasing Wnt4 and increasing LAP2a. levels promote epithelial cells to
differentiate into pre-adipocytes either directly or indirectly via EMT.
doi:10.1371/journal.pone.0010701.g006

demonstrate an age-related shift in cadherin expression levels
characteristic for EMT (Figure 3D) providing additional evidence
for the active process of EM'T during thymic epithelial senescence.

Our model of thymic epithelial senescence is based on data
obtained with mice undergoing physiological senescence. This is
the first model for the molecular basis of the thymic epithelium to
undergo adipose involution. This model withstands molecular
level proof-of-principle using both a model cell line and primary
embryonic thymic organ cultures rendered transgenic by lentiviral
transgenesis.

Perspectives

Further experiments, however, are required. We plan using
inducible, LAP2a-transgenic mice to allow us precise temporal-
spatial over-expression of LAP2al in adult thymic epithelium to
model and decisively verify the role of LAP2a in pre-adipocyte
trans-differentiation i viwo exploiting our experience in establish-
ing transgenic animals [24,29]. If LAP2a proves to be a master
regulator of thymic adipose involution  vivo too, this knowledge
appoints LAP2a as target molecule for directed rejuvenation of the
thymic epithelial structure and function. This rejuvenation process
could theoretically reinforce naive T-cell output to reach young
adult levels that could ameliorate senescence-related immunolog-
ical disorders like impaired antiviral defense and late-onset auto-
immune diseases.

Level of PPARg expression
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Figure 5. Confirmation in transfected thymic lobes. Figures 5A-B present gene expression changes measured by Q-PCR from cDNA of murine
thymic lobes transfected at E12 and cultured for 4 days in vitro. Please note that Y-axis scale is linear. Error bars show *1 SD.

doi:10.1371/journal.pone.0010701.g005
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Methods

Cell lines and mice

The 293T (ATCC: CRL-11268) and TEP1 [26] cell lines were
cultured in DMEM supplemented with 10% FCS, penicillin,
streptomycin and B-mercapto-cthanol (Lonza Walkersville). For
the experiments we used thymic lobes from timed pregnancies at
E12, and also from adult BALB/c mice at 4 week and 1 year of
age, and from 1.5 year old GFP-transgenic BALB/c-mice. Mice
were bred in our animal facility; all animal work has been
conducted according to relevant national and international
guidelines following approval of ethics committee of the University
of Pecs. Senescent animals developed and aged normally, without
any treatment.

Transgenic cell, organ and animal models

The GFP-transgenic BALB/c model was created using lentiviral
transgenesis as published by our group [24]. The Wnt4 sequence
was purchased and subcloned from an Origene (Origene) vector
containing human full-length Wnt4 cDNA. The full-length murine
LAP2o cDNA containing plasmid was a kind gift of Dr. Simon
Amos. The GFP (mock), LAP2o or Wnt4 over-expressing TEP1
cell lines or E12 thymic lobes were generated using lentiviral
vectors that were prepared as described previously [30]. Following
overnight lentiviral transfection the thymic lobes were transferred
over Nucleopore Track-Etch Membranes (Whatman) and were
cultured in DMEM supplemented with 20% FCS, penicillin,
streptomycin, ciprofloxacin, amphotericin-B and B-mercapto-
ethanol (Lonza Walkersville).

Histology using fluorescent antibodies, proteins and dyes

Sections (9 um) of frozen thymic lobes of BALB/c mice were
fixed in cold acetone, then dried and blocked using 5% BSA in
PBS for 20 min before staining with a-Ly51-PE (clone 6C3), a-
EpCAM-FITC (clone G8.8), ER-TR7-PE antibodies and DAPI.
Thymic sections of GFP-transgenic mice were fixed in 4%
paraformaldehyde before staining with LipidTOX Red following
the manufacturer’s instructions (Invitrogen). The sections were
analyzed using an Olympus BX61 microscope equipped with a
CCD camera and AnalySIS software.
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Separation and enrichment of thymic epithelial cells

Thymic lobes were digested with type F collagenase from C.
hystolyticum (Sigma) for 30 min, then washed with DMEM 10%
FCS. Cell suspensions were then labeled with anti-EpCAMI-
FITC (clone G8.8) and washed with MACS-buffer followed by
incubation with anti-FITC micro-beads (Miltenyi Biotec), the
EpCAM™-cells were used for total RNA isolation and subsequent
quantitative PCR analysis. The cells were purified using MACS
LS separation columns (Miltenyi Biotec).

RNA isolation, preparation of cDNA, Q-PCR analysis

Total RNA was isolated the RNAII kit (Macherey-Nagel),
including an on column DNA digestion step. cDNA was
constructed using the high capacity RNA to ¢cDNA kit (Applied
Biosystems). For Q- PCR analysis, we used an AB7500 platform
and either SYBR green or TagMan PCR master mix (Applied
Biosystems). Gene expression was normalized to P-actin. The
sequences and data of primers are listed in Table 1.

Statistical analysis

All experiments were performed on three occasions, represen-
tative experiments are shown. Measures were obtained in
triplicates; data are presented as mean =1 SD by error bars.
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Abstract

Previous studies on the degenerative animal model of multiple sclerosis suggested that the
copper-chelator cuprizone might directly suppress T-cell functions. Peripheral T-cell func-
tion in the cuprizone model has already been explored; therefore, in the present study, we
investigated, for the first time, how cuprizone feeding affects the thymus, the organ of T-cell
maturation and selection. We found that even one week of cuprizone treatment induced sig-
nificant thymic atrophy, affecting the cortex over the medulla. Fluorescent microscopy and
flow-cytometric analyses of thymi from cuprizone- and vehicle-treated mice indicated that
eradication of the cluster of the differentiation-4 (CD4)-CD8 double-positive T-cell subset
was behind the substantial cell loss. This result was confirmed with CD3-CD4-CD8 triple-
staining experiments. Ultrastructurally, we observed degraded as well as enlarged mito-
chondria, myelin-bodies, large lipid droplets, and large lysosomes in the thymi of cuprizone-
treated mice. Some of these features were similar to those in physiological and steroid-in-
duced accelerated aging. According to our results, apoptosis was mainly of mitochondrial
origin mediated by both caspase-3- and apoptosis inducing factor-mediated mechanisms.
Additionally, mitogen activated protein kinase activation and increased pro-apoptotic B cell
lymphoma-2 family protein expression were the major underlying processes. Our results do
not indicate a functional relationship between cuprizone-induced thymus involution and the
absence of inflammatory responses or the selective demyelination observed in the cupri-
zone model. On the other hand, due to the reversible nature of cuprizone’s deleterious ef-
fects, the cuprizone model could be valuable in studying thymus regeneration as well as
remyelination processes.
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Introduction

Administration of the copper chelator cuprizone to young adult C57BL/6 mice induces multi-
focal demyelination mainly in the corpus callosum and superior cerebellar peduncle [1] with-
out significant T-cell activation in the affected areas [2]. According to histopathological studies
[3], the pattern of cuprizone-induced demyelination resembles that of type III multiple sclero-
sis (MS) lesions characterised by oligodendrocyte degeneration and minor inflammation [4].
Therefore, the cuprizone model was extensively used for studying the degenerative aspects of
MS [5]. The mechanism of the oligodendrocyte loss and demyelination in the cuprizone model
is not well understood. Mature oligodendrocytes seem to be the primary targets, which are
eliminated by apoptosis inducing factor (AIF)-mediated apoptosis [6]. Cuprizone-induced
early formation of mega-mitoachondria in the liver [7] and oligodendrocytes [8], and expres-
sional and functional changes of mitochondrial enzymes [9,10] indicate mitochondrial dys-
function behind the oligodendrocyte loss. However, there is no explanation for the preferential
regional distribution of cuprizone-induced demyelination, and the exclusivity of the cell death
toward oligodendrocytes.

Unlike the cuprizone model, experimental allergic encephalomyelitis (EAE) reflects the auto-
immune feature of MS [11,12]. In this model, after immunising the animals with myelin anti-
gens, myelin-specific CD4 " T-cells are initially activated in the peripheral immune organs and
migrate to the central nervous system (CNS) [13] where they encounter their cognate antigen on
CNS antigen presenting cells and produce immune mediators such as pro-inflammatory cyto-
kines and chemokines. These immune mediators locally activate the second cascade of the auto-
immune response involving microglia, the resident macrophage [14,15]. In contrast,
demyelinating areas in the cuprizone model, were reported to lack B and T-cells, and the blood
brain barrier was found to be intact [2,16]. Additionally, with respect to the cuprizone model,
RAG-1(1/1) mice, which lack mature B and T lymphocytes are indistinguishable from controls,
indicating that T-cells may not play a role in cuprizone-induced demyelination [16]. The major
difference between type III MS lesions and cuprizone-induced demyelination is the presence of
perivascular inflammation and CD3" T-cells in the former [4]. This difference, along with the
down-regulation of EAE by cuprizone-treatment [16-18] suggests that cuprizone may directly
suppress T-cell functions [19]. A previous study [17] has already explored peripheral T-cell func-
tion in the cuprizone model. However there is no data regarding the thymus, the organ of T-cell
maturation and selection. To elaborate on the suggested suppressive effect of cuprizone on T-cell
function, in the present study, we investigated how cuprizone feeding affects the thymus.

Materials and Methods
Ethics Statement

The investigation conforms to the Guide for the Care and Use of Laboratory Animals published
by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised 1996), and was
approved by the Animal Research Review Committee of the University of Pecs, Medical School.

Animals and cuprizone administration

C57BL/6 male mice were purchased from Charles River Laboratories Hungary Ltd (Isaszeg,
Hungary) and kept under standardised, specific pathogen free circumstances. Starting at four
weeks of age, mice received a diet of powdered rodent chow containing 0.2% cuprizone (bis-cy-
clohexanone oxaldihydrazone) (Sigma, Steinheim, Germany) by weight for three or seven days
ad libitum. Age and gender matched littermates receiving powdered rodent chow served as the
control group.
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Acquisition of thymus samples

The weight of the mice was measured at the beginning and at the end of the treatment period.
Then, animals were euthanised with an overdose of ketamine hydrochloride intraperitoneally,
and their chest was opened. The thymi were photographed, carefully dissected and their wet
weight was measured. They were freshly processed for RNA isolation, fixed for electron mi-
croscopy, frozen for histochemistry and immunohistochemistry, or homogenised in phosphate
buffered saline (PBS) with a glass/glass homogeniser. Alternatively, thymic cell suspension was
prepared by gentle mechanic agitation followed by filtering through a nylon mesh. The suspen-
sion was washed once and the cells were resuspended in PBS. An aliquot of cells was diluted
1:100, the cells were counted using the Trypan blue method with a hemocytometer, and the cell
number was set to 5x10° or 10° per sample.

Thymic epithelial cell (TEC) enrichment

TECs were enriched as previously described [20]. Briefly, the thymic lobes were digested using
a collagenase-based solution. Then TECs were labelled with anti-epithelial cell adhesion mole-
cule- (EpCAM1) antibody followed by their direct enrichment using magnetic beads (Dyna-
beads). TEC purity was repeatedly found to be approx. 90% based on qRT-PCR measurements
as published previously.

Apoptosis detection

For apoptosis detection, double staining with Annexin V-fluorescein isothyocyanate (FITC;
BD Pharmingen, CA) and propidium-iodide (Sigma-Aldrich) was performed according to
Vermes et al. [21]. Briefly, 5x10° thymocytes were resuspended in 100 ul Annexin binding buff-
er (10mM HEPES/NaOH, pH 7.4, 140mM NaCl and 2.5mM CaCl,) and incubated for 20 min-
utes at room temperature with Annexin V-FITC in the dark, before then being diluted with
400 ul Annexin binding puffer. Propidium-iodide was given to the cells immediately before the
flow-cytometric analysis. Two-parameter dot-plots showing Annexin V/propidium-iodide
staining (FL1/FL3 channels) were created to determine the ratio of apoptotic cells in the
thymus glands.

Flow-cytometry

For the simultaneous detection of cell surface expressed CD4, CD8 and CD3, a triple labelling
technique was used. Thymocyte samples were incubated with monoclonal antibody cocktails
for 30 min in 100 ml binding buffer on ice (PBS containing 0.1% NaNj; and 0.1% BSA), then
washed twice in PBS, and finally resuspended in 500 ml 0.1% buffered PFA (paraformaldehyde)
in PBS. For staining the following monoclonal antibodies were used: phycoerythrin (PE) conju-
gated rat anti-mouse CD4, CyChrome (CyC) conjugated rat anti-mouse CD8 and FITC conju-
gated rat anti-mouse CD3, all purchased from BD Pharmingen, CA. Samples were measured
and analysed in a FACSCalibur flow-cytometer (Becton Dickinson, San Jose, CA), using the
CellQuest software. Generally 10.000 events were recorded. Thymocytes were gated according
to their size and granularity on forward and side scatter dot plots. The gate set on untreated
control living thymocytes was used for the analysis of all samples. We used fluorescent dot plots
for both comparing the different samples and for calculating the ratio of positively stained cells.

Immunofluorescence

Frozen thymic sections (7-10 um thick) were fixed in cold acetone, then air-dried and blocked
using 5% bovine serum albumin (BSA) in PBS for 20 min before staining with a-Ly51-PE (clone
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6C3, BD Biosciences) and a-EpCAMI1-FITC (clone G8.8, hybridoma from the Dept. Immunolo-
gy and Biotechnology, University of Pecs) antibodies for at least 30 minutes to visualise the thy-
mic epithelial network (EpCAM-1 is a marker for all TECs, but stains the medullar area stronger
than the cortical area, while Ly51 stains only cortical TECs). The remaining sections were
stained under the same conditions with a-CD4-FITC (YTS191.1, hybridoma from the Dept. Im-
munology and Biotechnology, University of Pecs) and a-CD8-Alexa fluor 647 (clone 53-6.7, BD
Biosciences) to analyse the staining pattern of the thymocytes. The sections were analysed using
an Olympus BX61 microscope equipped with CCD-camera and AnalySIS software.

Electron microscopy

In order to investigate ultra-structural changes of the thymic lobes, mice were sacrificed after
three days of treatment and their thymi were fixed in buffered 2.5% formaldehyde—2.5% glu-
taraldehyde solution for 24 hours at 4°C. After washing in phosphate buffer, the samples were
fixed in 1% osmium tetroxide in 0.1 M PBS for 35 minutes. After that, the samples were washed
in buffer several times for 10 minutes and dehydrated in an ascending ethanol series, including
a step of uranyl acetate (1%) solution in 70% ethanol to increase contrast. Dehydrated blocks
were transferred to propylene oxide before being placed into aluminium-foil boats containing
Durcupan resin (Sigma) and then embedded in gelatine capsules containing Durcupan. The
blocks were placed in thermostate for 48 hours at 56°C. From the embedded blocks 1 pm semi-
thin and serial ultrathin sections (70 nanometer) were cut with Leica ultramicrotome, and
mounted either on mesh, or on Collodion-coated (Parlodion, Electron Microscopy Sciences,
Fort Washington, PA) single-slot copper grids. Additional contrast was provided to these sec-
tions with uranyl acetate and lead citrate solutions, and they were examined with JEOL
1200EX-II electron microscope.

Immunoblot analysis

Tissue samples were taken from animals sacrificed after three or seven days of treatment. The
thymi of the mice were carefully dissected and 25 mg tissues were homogenised in ice-cold 10
mM Tris buffer, pH 7.4 (containing 0.5 mM sodium metavanadate, ImM EDTA and protease
inhibitor cocktail (1:200); all purchased from Sigma-Aldrich, Steinheim, Germany). Homoge-
nates (10 pg each) were boiled and subjected to 10% sodium dodecyl sulphate polyacrylamide
gel electrophoresis then were transferred to nitrocellulose membranes. The membranes were
blocked in 5% low fat milk for 1.5 h at room temperature before then being exposed to primary
antibodies at 4°C overnight in a blocking solution. The following antibodies were used: Poly-
clonal caspase 3 (1:500, clone H-277), monoclonal Histone H1(1:200), polyclonal Cytochrome
¢, polyclonal AIF, monoclonal phospho-p38 MAPK (Thr180/Tyr182), polyclonal phospho-ex-
tracellular signal-regulated kinase (ERK)1/2 (Thr202/Tyr204), polyclonal phospho-specific c-
Jun N-terminal kinase (JNK) Thr183-Tyr185, polyclonal Bad (D24A9), polyclonal phospho-
Bad (Ser112), polyclonal BIM and polyclonal Bax antibodies (each 1:500 dilution), monoclonal
Glyceraldehyde-3-phosphate dehydrogenase (1:2000, clone 6C5). Antibodies were purchased
from Cell Signaling Technology (Beverly, MA, USA) except from caspase 3, Histone H1 that
were bought from Santa Cruz Biotechnology (Wembley, UK), Glyceraldehyde-3-phosphate de-
hydrogenase antibody was obtained from Merck Millipore. Appropriate horseradish peroxi-
dase-conjugated secondary antibodies were used at a 1:5.000 dilution (anti-mouse and anti-
rabbit IgGs; Sigma-Aldrich, Steinheim, Germany) and visualised by enhanced chemilumines-
cence (Amersham Biosciences, Piscataway, New Jersey, USA). The films were scanned, and the
pixel volumes of the bands were determined using NIH Image J software (Bethesda, Maryland,
USA). For membrane stripping and re-probing, the membranes were washed in a stripping
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buffer (0.1 M glycine, 5 M MgCl,, pH 2.8) for an hour at room temperature. After washing and
blocking, the membranes were incubated with primary antibodies for non-phosphorylated or
loading control proteins.

RNA isolation and quantitative polymerase chain reaction (QPCR)
analysis

To investigate the relative expression of thymic epithelial cell markers major histocompatibility
complex (MHC)II and autoimmune regulator (AIRE), we used a real-time qPCR approach
after seven days of treatment. From carefully dissected thymi, the total RNA was extracted and
DNase digestion was performed using the NucleoSpin RNA isolation kit (Macherey-Nagel,
Diiren, Germany) as described in the manufacturer’s manual. For quality control, RNA purity
was verified using the optical density (OD),¢0,250 ratio and was found to be between 1.8 and 2.0.
The total RNA (1.0pg) was reverse-transcribed to cDNA using the High-Capacity cDNA re-
verse transcription kit (Applied Biosystems). Subsequent qPCR reactions for MHCII and AIRE
were performed in duplicate on the Applied Biosystems HT7500 system using the Absolute
QPCR SYBR Green low ROX Mix (Abgene, Epsom, UK) with specific primers (MHC II for-
ward primer: 5 ~CTA GCC AAG TCC CTC CTA AGG-3' , reverse primer: 5’ — ATC TCA GAC
TGA TCC TGG CAT -3’ ; AIRE forward primer: 5’ ~ACC TAA ACC AGT CCC GGA AAG-3 1,
reverse primer: 5’ ~CGA GGC TCC AGT GCT T-3" ). The three step qPCR was performed
using 58°C annealing temperature and 30sec elongation period. Analysing melting curves vali-
dated the specificity of products from each primer set. All experimental samples were analysed
and normalised with the internal control gene, 18 S rRNA (forward primer: 5’ -GGG TCG GGA
GTG GGT AAT TT-3', reverse primer: 5’ —AGA AAC GGC TAC CAC ATC CAA-3' ). Relative
quantification of the fold-change was performed comparing Ct values from individual mice, ap-
plying the 2"**“" method [22,23].

Statistical analysis

All experiments were repeated at least three times, including at least three animals in each
group, for each experiment. Accordingly, the mean + the standard error of the mean (SEM)
values of the individual animals (n>9) were presented in the figures and throughout the text.
On the other hand, for comparing groups, we utilised data of the experiments repeated at least
three times, including at least three animals in each groups. We used one-way or two-way anal-
ysis of variance, followed by Tukey’s post-hoc test. When the F-test indicated unequal vari-
ances, the Kruskal-Wallis test was performed. Differences were considered significant at values
of p<0.05 or lower.

Results
Cuprizone induced acute thymic atrophy

In order to investigate the effect of cuprizone on the thymus, four-week-old male C57BL/6
mice were fed with pulverised chow containing 0.2% of the drug. As early as after one week of
cuprizone administration, severe thymic atrophy was observed (Fig 1) that was accompanied
by significant thymic tissue mass loss when compared to the control (Fig 1B). Since cuprizone
treatment resulted in a significant weight loss for the animals as well (Fig 1C), we normalised
their thymic mass to their body mass, and found this relative thymus mass still reduced in the
cuprizone-treated mice (Fig 1D), indicating a disproportional thymus involution in these ani-
mals. The absolute thymocyte number was also found to be lowered from 1.7+0.2 x10° to 7.8
+2.3x10° upon cuprizone treatment.
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Fig 1. Macroscopic changes of the thymi upon cuprizone treatment. Four week-old male mice were
treated with cuprizone for one week. Representative photographs (A) of the open chest of a control (Cont.)
and a cuprizone-treated (CPZ) animal are demonstrated. Arrows point to the thymi of the mice. The scale bar
indicates 5 mm. Thymus mass (B), body mass (C) and relative thymus mass (thymus tissue mass/ body
mass) (E) of control (grey bars) and cuprizone-treated (black bars) animals are presented as bar diagrams,
mean + SEM (n>9). * denotes a significant difference from control p<0.05.

doi:10.1371/journal.pone.0129217.g001

Cuprizone-induced cell death was predominantly apoptotic

We investigated the type of cell death responsible for the substantial cuprizone-induced thymic
involution by performing flow-cytometry on the thymic cell suspension following double stain-
ing the cells with FITC-conjugated Annexin V and propidium iodide. Propidium iodide is ex-
cluded by viable cells. On the other hand, it can penetrate cell membranes of dying or dead
cells, and intercalate into double-stranded nucleic acids, thereby increasing the intensity of its
fluorescence manyfold. Annexin V binds to phosphatidylserine exposed on the surface of apo-
ptotic cells only, and therefore, this staining technique can differentiate between living (double
negative), early apoptotic (Annexin V single positive), and late apoptotic/necrotic (AnnexinV
and propidium iodide double positive) cells. As we found, in the untreated control mice, most
of the cells were double negative (83.9 + 4.1%), which was substantially decreased in cuprizone
treated animals (22.8 + 13.2%, p<0.001, Fig 2). In these mice, the decrease in the living cells
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Fig 2. Characterisation of cuprizone-induced cell death. Four week-old male mice were treated with
cuprizone for one week. Type of cell death was determined using flow cytometry following double staining
with FITC-labelled AnnexinV and propidium iodide thymus suspensions of untreated (Control, grey bars) and
cuprizone-treated (CPZ, black bars) mice. Results are presented as representative dot-plots (A) and bar
diagrams (B), mean + SEM (n>9). Significant difference from control; **p<0.01, *** p<0.001. DN: live cells
(lower left quadrant); AnnexinV: early apoptotic cells (lower right quadrant); PI: necrotic cells (upper left
quadrant); DP: late apoptotic cells (upper right quadrant).

doi:10.1371/journal.pone.0129217.g002

was accompanied by a significant increase of the early apoptotic (44.6 £ 13.2%, p<0.001) and
late apoptotic/necrotic cells (32.4 £ 10.5%, p<0.01, respectively Fig 2). We could not observe
propidium iodide single positivity among the animals regardless of the treatment. All these
data indicate that the cuprizone-induced death was preponderantly apoptotic.

Cuprizone-induced cell loss in the cortex was more severe than in the
medulla

We determined macroscopic morphological characteristics of the cuprizone-induced thymus
involution by fluorescent microscopy after double staining thymus sections with FITC-labelled
anti-EpCAM1 and PE-labelled anti-Ly-51 antibodies. The former antibody stains mostly the
medulla while the latter stains the cortex of the thymus. We observed more substantial cell loss
in the cortex than in the medulla (Fig 3A). To support these findings, we determined the
MHCII and AIRE mRNA levels in the thymi of the control and cuprizone treated mice. We
found a significant abundance of both of these medulla-associated markers in the cuprizone
treated animals (Fig 3B), indicating that cuprizone preferentially affected cortical cells.

Cuprizone eliminated mostly the CD4-CD8 double positive immature
thymocytes

To further analyse cuprizone’s effect on the thymus, we performed anti-CD4 (green) and anti-
CD8 (red) immunofluorescence microscopies. On merged images of the control thymi, the
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Fig 3. Effect of cuprizone on thymic epithelial cells. Four week-old male mice were treated with cuprizone
for one week, then immune-staining (A) with FITC-labelled anti-EpCAM1 (green) and PE-labelled anti-Ly-51
(red) antibodies was performed on thymic sections of untreated (Control) and cuprizone-treated (CPZ) mice.
Representative images (A) are presented of the green channel (top panels), the red channel (middle panels)
and the merged channels (bottom panels) of three independent experiments, including at least three animals
in each group for each experiment. Fluorescent photographs were taken using a 10x objective. The scale bar
indicates 200 um. In a parallel experiment, thymic MHC Il and AIRE mRNA expression (B) was determined
by using gPCR analysis in untreated (grey bars) and cuprizone-treated (black bars) mice. Results are
presented as fold change, mean + SEM (n>9). Significant difference from control; *p<0.05.

doi:10.1371/journal.pone.0129217.g003

PLOS ONE | DOI:10.1371/journal.pone.0129217 June 8,2015 8/18



Thymic Atrophy in the Cuprizone Model of Multiple Sclerosis

cortex appeared yellow as it is mainly occupied by CD4"CD8" thymocytes while the medulla
appeared green because of the predominance of CD4" cells (Fig 4A). Cuprizone-treatment re-
sulted in an almost complete disappearance of the double positive and a relative increase of the
CD4" areas, as well as an overall less dense staining of the shrunken thymi (Fig 4A). To ensure
that the double positivity of the control cortices indeed resulted mainly from the presence of
the CD4"CD8" thymocytes, we performed anti-CD4 and anti-CD8 flow-cytometry on the thy-
mic suspensions. To exclude dead or apoptotic cells, the gate was set on untreated control thy-
mocytes and was fixed for the whole analysis. In the case of the four week-old male C57BL/6
control mice, we found that the most considerable population was that of CD4"CD8" thymo-
cytes (73.4  2.6%, Fig 4B and 4C). The most immature CD4 CD8’ thymocytes made up

9.8 + 5.3%, while the most mature CD4" and CD8" thymocytes represented 11.6 + 2.2 and

5.3 £ 1.7% of the total population, respectively (Fig 4B and 4C). One week of cuprizone treat-
ment completely eradicated CD4"CD8" thymocytes (1.0 £ 0.1%, p<0.001, Fig 4B and 4C). If
we consider the total cell numbers of the thymi, this decrease was from 1.3 + 0.2 x10° to

8.1 + 3.5 x10"* double positive thymocytes suggesting a complete disappearance of this cell pop-
ulation. This finding is reflected by a decrease of the double positive/double negative thymocyte
ratio from 7.5 + 4.5 to 0.04 + 0.02 (p<0.001) upon cuprizone treatment, while all other ratios
(CD4%/CD8" and CD4"/double negative) remained practically unchanged (Fig 4C).

CD3 expression increases along thymocyte maturation. Accordingly, we stained thymus sus-
pensions for CD3, performed flow-cytometry, and assessed the ratio of immature (CD3'°™) and
mature (CD3"8") thymocytes in the untreated and cuprizone-treated groups. In four week-old
male C57BL/6 control mice, we found that the CD3'°™ and CD3"" thymocytes comprised
about 76 and 19%, respectively, of the whole thymocyte population. One week of cuprizone
treatment resulted in a significantly lower proportion of immature thymocytes (28.2 + 8.8,
p<0.001) and a corresponding increase in the ratios of mature (67.5 + 8.5, p<0.001) thymo-
cytes (Fig 5A and 5B). Thereby, cuprizone treatment increased the CD3""/CD3'°" ratio from
about 0.25 to 2.4 (p<0.001, Fig 5B) indicating that cuprizone eliminated immature thymocytes
preferentially. Additionally, we triple stained thymocytes of control and cuprizone-treated ani-
mals for CD3, CD4 and CD8, and performed flow cytometry on them. When we filtered the re-
sults for the CD3'" (Fig 5C and 5D) and CD3"" (Fig 5E and 5F) subpopulations, we found
changes in the T-cell subset frequencies upon cuprizone treatment that were completely consis-
tent with those we found on the unfiltered population, as well as being consistent with our pres-
ent knowledge of CD3, CD4 and CD8 expression during thymocyte maturation. Namely,
almost all CD4-CD8 double positive cells were CD3'°Y and were almost completely depleted by
cuprizone (Fig 5C and 5D). Additionally, there was CD8 and CD4 dominance in the CD3'*"
and CD3"" subset, respectively that was augmented by the cuprizone treatment (Fig 5C-5F).

Cuprizone induces subcellular structural alterations in thymic cells

Cuprizone was reported to induce giant mitochondria formation and mitochondrial malfunc-
tioning in mouse liver [24]. Since mitochondria are major regulators of the cell death process
[25], we assessed cuprizone’s effect on thymic mitochondria by using electron microscopy. As
demonstrated in Fig 6, cuprizone-treated thymic cells contained both enlarged and medium-
sized mitochondria (Fig 6B); the latter are similar to those observed in untreated animals (Fig
6A). The diameter of the enlarged mitochondria did not reach 1 um, the conventional thresh-
old to be categorised as mega-mitochondria [26]. In addition to enlarged mitochondria, cupro-
zine treatment resulted in the degradation of cellular organelles, such as mitochondria (Fig
6C). Myelin-bodies (Fig 6C), large lipid droplets (Fig 6D) and large lysosomes packed with
dark-staining material (Fig 6E) were also frequently observed.
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Fig 4. Effect of cuprizone treatment on thymocytes. Four week-old male mice were treated with cuprizone
for one week, then immune-staining (A) with FITC-labelled anti-CD4 (green) and Alexa647-labelled anti-CD8
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(red) antibodies was performed on thymic sections of untreated (Control) and cuprizone-treated (CPZ) mice.
Representative images (A) are presented of the green channel (top panels), the red channel (middle panels)
and the merged channels (bottom panels) of three independent experiments including at least three animals
in each group for each experiment. Fluorescent photographs were taken using a 10x objective. The scale bar
indicates 200 um. In a parallel experiment, flow cytometry was performed on thymus suspensions of
untreated (Control, grey bars) and cuprizone-treated (CPZ. black bars) mice following double staining with
PE-labelled CD4 and CyChrome (CyC)-labelled CD8 antibodies. Results are presented as representative
dot-plots (B) and bar diagrams (C), mean + SEM (n>9). Significant difference from control; **p<0.01, ***
p<0.001. DN: CD47/CD8" cells (lower left quadrant); CD4: CD4" cells (lower right quadrant); CD8: CD8* cells
(upper left quadrant); DP: CD4*/CD8" cells (upper right quadrant); DP/DN: ratio of DP and DN cells; CD4/
CD8: ratio of CD4* and CD8* cells; CD4/DN: ratio of CD4* and DN cells. Please note that the x-axis is
broken, and the ratios are measured on the right y-axis.

doi:10.1371/journal.pone.0129217.g004

Cuprizone-treatment activated mitochondrial death pathways

To investigate which death pathways were involved in cuprizone-induced thymic atrophy, we
examined caspase activation, pro-apoptotic mitochondrial inter-membrane protein release,
and major pro- and anti-apoptotic B cell lymphoma (BCL) proteins by using immunoblot
analysis of thymus homogenates of untreated and cuprizone-treated animals. We used thymi
after only three days of cuprizone-feeding since we were interested in the processes leading to
the massive thymocyte loss.

We detected a substantial release to the cytoplasm of cytochrome C, in addition to a result-
ing increased cleavage i.e. activation of caspase 3 (Fig 7A), but not of caspase 8 (data not
shown). We also observed nuclear translocation of AIF (Fig 7A), indicating that the cuprizone-
induced apoptosis was of mainly mitochondrial origin. We found that the pro-apoptotic Bcl-2
family members Bim, Bax and Bad had overlapping functions in cuprizone-induced killing of
CD4-CD8 double-positive thymocytes. The expression level of all three proteins was increased
significantly after three days of cuprizone-treatment, although, Bax expression was augmented
at least 10 times over the other two (Fig 7B). Additionally, increased Bad expression was ac-
companied by decreased phosphorylation of the protein (Fig 7B) that emphasises its pro-apo-
ptotic role in cuprizone-induced thymocyte loss.

Cuprizone-treatment activated all three MAP kinases

A number of reports implicate MAPK activation as a causative factor of mitochondrial damage
and apoptotic cell death [27,28]. Therefore, we assessed phosphorylation i.e. activation of JNK,
ERK and p38 in thymus homogenates by using phosphorylation-specific primary antibodies
and immunoblotting. After three days of cuprizone-feeding we found increased activation of
all three MAP kinases. JNK and p38 phosphorylation were increased upon cuprizone treatment
by over 600% while ERK phosphorylation increased by only about 30% (Fig 7C).

Discussion

To enhance our knowledge of the degenerative animal model of MS, we investigated the effect
of cuprizone on the thymus, the site of T-cell maturation and selection. Although, thymus in-
volution in the cuprizone model is extremely apparent (Fig 1A), we could not find any previous
report mentioning it. Cuprizone-treatment results in reduced thriving of the animals [29];
however, thymus retardation upon cuprizone-treatment was more pronounced than that of
the rest of the body (Fig 1D), resulting mainly from apoptotic death (Fig 2).

By using immunostaining and fluorescent microscopy, we demonstrated that cuprizone-
treatment affected the cortex over the medulla (Fig 3A), supported by the relatively higher ex-
pression level (Fig 3B) of AIRE, a gene expressed by the thymic medullary epithelial cells [30],
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Fig 5. Effect of cuprizone treatment on thymocyte subpopulations. Four week-old male mice were treated with cuprizone for one week, then flow
cytometry was performed on thymus suspensions on thymus suspensions of untreated (Control, grey bars) and cuprizone-treated (CPZ, black bars) mice
following triple staining with FITC-labelled CD3, PE-labelled CD4 and CyChrome (CyC)-labelled CD8 antibodies. Based on CD3 positivity (A, B) the data on
CD4 and CD8 were allocated to low (CD3"°"; C, D) and high (CD3"9"; E, F) CD3 positivity subgroups (the ranges are indicated in A). Results are presented
as representative line charts (A), dot-plots (C, E) and bar diagrams (B, D, F), mean + SEM (n>9). Significant difference from control; **p<0.01, *** p<0.001.
DN: CD47/CD8  cells (lower left quadrant); CD4: CD4* cells (lower right quadrant); CD8: CD8" cells (upper left quadrant); DP: CD4*/CD8" cells (upper right
quadrant); CD3"9"/CD3°": ratio of CD3"9" and CD3"" cells. Please note that the x-axis in B is broken, and the ratio is measured on the right y-axis.

doi:10.1371/journal.pone.0129217.9005

in the thymi of cuprizone-treated mice. Since the cortex is associated mostly with the positive
selection of T-cells while the medulla is the location of the negative selection of auto-reactive
T-cells from the mature repertoire, this result indicated that cuprizone affected immature T-
cells more severely than it affected the mature ones. Accordingly, the observed relatively higher
expression level of MHCII (Fig 3B) in the thymi of cuprizone-treated mice resulted mainly
from the preservation of mature T-cells residing dominantly in the medulla.

We intended to identify the T-cell subpopulation that was most sensitive to cuprizone.
Immunofluorescence and flow-cytometry analysis revealed that cuprizone eradicated
CD4"CD8" T-cells while practically did not affect ratios of other T cell subpopulations (Fig 4).
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Fig 6. Effect of cuprizone treatment on subcellular morphology. Four week-old male mice were treated
with cuprizone for one week. Subcellular morphology was assessed in ultrathin thymic sections of control (A)
and cuprizone-treated (B-E) mice. Representative images are presented of three independent experiments
including at least three animals in each group for each experiment. Arrows indicate normal (A) and enlarged
(B) mitochondria, a large lipid droplet (D), and large lysosomes packed with darkly stained material (E).
Horizontal thin and vertical thick arrows in (C) point to myelin body and a degraded mitochondrion,
respectively. Scale bars indicate 200 nm.

doi:10.1371/journal.pone.0129217.g006

These results were confirmed when we filtered the results of CD4 and CD8 positivity of the
cells according to their CD3 status. The double positive subset of T-cells of low CD3 status was
abolished by cuprizone while there was CD8" dominance among the surviving cells, and a cor-
responding CD4" dominance was observed among the cuprizone-resistant T-cells of high CD3
status (Fig 5). These data are in accord with our aforementioned findings and the present view
of T-cell maturation. Namely, immature double negative T-cells first express CD8 before be-
coming double positive, which cells undergo positive and negative selection to reach their ma-
ture CD4" or CD8" phenotype, while CD3 positivity increases along the maturation process.

By chelating copper, cuprizone may interfere with cellular energy metabolism. Supporting
this notion, megamitochondrion formation was observed as early as after three days of
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Fig 7. Effect of cuprizone treatment on death pathway and signalling proteins in the thymus. Four week-old male mice were treated with cuprizone for
three days. Steady-state cytoplasmic levels of cytochrome C (Cyt C) (A), caspase 3 (casp 3) (A), cleaved caspase 3 (cleav. casp 3) (A) and nuclear
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apoptosis inducing factor (AIF) content (A), as well as cellular levels of Bad (B), BImEL (B), BimL (B) and Bax (B) were assessed in the thymi of untreated
(Cont., grey bars) and cuprizone-treated (CPZ, black bars) mice by using specific primary antibodies and immunoblotting. The activation state of Bad (p-Bad)
(B), JNK (p-JNK) (C), ERK (p-ERK) (C) and p38 MAPK (p-p38) (C) was also determined by using phosphorylation-specific primary antibodies and
immunoblotting. GAPDH (A-C) and histone H1 (His H1) (A) were used as loading controls for cytoplasmic/cellular and nuclear fractions, respectively. Results
are presented as representative immunoblots and bar diagrams, mean + SEM (n>9). Significant difference from control; *p<0.05. Please note that the y-axis
in B is broken to accommodate the very high Bax value.

doi:10.1371/journal.pone.0129217.9007

cuprizone-feeding in mouse liver [24,29], and the oligodendrocytes of the corpus callosum
[31]. Furthermore, increased ROS production, and decreased activities of the various com-
plexes of the respiratory chain were found in the mitochondria of cuprizone-treated oligoden-
droglia cells [32,33]. We found degraded, as well as enlarged, although not giant, mitochondria
in the thymi of cuprizone-treated mice (Fig 6). Additionally, myelin-bodies, large lipid drop-
lets, and large lysosomes were also frequently present in these cells (Fig 6). The observed large
lysosomes could result from lysosome membrane permeabilisation, which contributes to thy-
mocyte apoptosis by releasing lysosomal proteases, thereby causing the degradation of vital cy-
tosolic proteins and the activation of additional hydrolases, including caspases [34]. This
scenario is consistent with the finding that, unlike in the case of oligodendrocytes [6], both
ATF- and caspase-mediated apoptosis was observed in the thymi of cuprizone-treated mice
(Fig 7A). On the other hand, cytoplasmic translocation of mitochondrial cytochrome C (Fig
7A) may entirely account for the observed caspase-3 activation.

Both nuclear translocation of AIF and cytoplasmic translocation of cytochrome C could re-
sult from mitochondrial outer membrane permeability, which is regulated by pro-apoptotic
members of the BCL-2 family [35]. Bad forms heterodimers with other family members or
BH3-only proteins such as Bax and Bim, attach to the outer mitochondrial membrane, and de-
stabilize it [35]. Bim, an essential mediator of apoptosis in thymocytes, has three isoforms
(BimS, BimL and BimEL), which promote intrinsic apoptosis to different extents [36]. Accord-
ingly, we detected enhanced expression of Bad, Bax and Bim upon cuprizone treatment (Fig
7B). Activation of ERK1/2 was reported to promote phosphorylation of BImEL targeting it to
proteosomal degradation [37]. ERK1/2 was also indicated in Bad phosphorylation, preventing
its association with other pro-apoptotic BCL-2 proteins [38]. In contrast, JNK and p38 MAPK
activation was found to trigger Bad and Bim expression, labilise mitochondrial integrity, induce
ROS production and promote apoptosis [39]. Accordingly, we found that all three MAPK fam-
ilies become activated upon cuprizone treatment; however, JNK and p38 activation was over-
whelmingly more pronounced than was that of ERK1/2 (Fig 7C).

During development, thymocytes undergo positive and negative selection, eliminating rough-
ly 98% of CD4"CD8" cells before they maturate along the CD4" or CD8" phenotype. Addition-
ally, when the thymus undergoes physiologic or pathologic involution during aging, infectious
diseases, sepsis, malnutrition, physical or emotional stress, chemotherapeutics, glucocorticoids
or radiation injury, cortical double positive cells, primarily, suffer apoptosis, while CD4" or
CD8" cells are less affected [40-43], indicating that cortical double positive cells represent the
most vulnerable cell population in the thymus. In this respect, cuprizone-induced thymus invo-
lution is similar to all aforementioned conditions. In other respects, the cuprizone model shows
both similarities and differences compared to physiological or steroid-induced thymic aging.

The thymus undergoes adiposeous involution during aging. We observed large lipid drop-
lets (Fig 6D) similar to those found in physiological and steroid-induced accelerated aging
[41]. However, the thymic epithelium is affected differently by these conditions. The medullary
region suffers less damage compared to the cortical region in the cuprizone model, which is in
marked contrast to physiological or steroid-induced aging [44,45]. The observed enlarged lyso-
somes (Fig 6E) could be involved not only in apoptosis but also in other types of cell death.
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There is increasing evidence that the lysosome is also involved in the pathogenesis of a variety
of neurodegenerative diseases, including Alzheimer's disease, Parkinson's disease, Huntington's
disease, and amyotrophic lateral sclerosis [34].

The thymus can have dual functions in MS. It can be the organ, where potentially self-reac-
tive T-cells mature and differentiate inducing or exacerbating the disease. However, it is also
the cradle of regulatory T-cells that can potentially suppress self-reactive immune responses,
locally [46,47] Our results do not indicate a functional relationship between cuprizone-induced
thymus involution and the absence of inflammatory responses or the selective demyelination
observed in the cuprizone model. Rather, cuprizone-induced thymocyte and oligodendrocyte
apoptosis seems to occur parallel to each other, and in both cases the toxin affects the most vul-
nerable cells in the given organ. It raises the possibility that similar selective elimination of the
most vulnerable cell type in other organs is responsible for the absence of thriving that is char-
acteristic of the cuprizone model. An important feature of the cuprizone model is that after ter-
mination of the toxin feeding, an accelerated thriving and regeneration occurs. Therefore, the
cuprizone model could be valuable in studying thymus regeneration as well as the
remyelination processes.
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During senescence, Wnt4 expression is down-regulated (unlike their Frizzled receptors),
while PPARgamma expression increases in the thymus. Together, these changes allow
for thymic degeneration to occur, observed as adipose involution. However, when
restored, Wnt4 can efficiently counteract PPARgamma and prevent thymic senescence
from developing. The Wnt-pathway activator miR27b has also been reported to inhibit
PPARgamma. Our goal was to evaluate the Wnt4 and miR27b levels of Wnt4-transgenic
thymic epithelial cell (TEC)-derived exosomes, show their regenerative potential against
age-related thymic degeneration, and visualize their binding and distribution both in
vitro and in vivo. First, transgenic exosomes were harvested from Wnt4 over-expressing
TECs and analyzed by transmission electron microscopy. This unveiled exosomes
ranging from 50 to 100nm in size. Exosomal Wnt4 protein content was assayed
by ELISA, while miR27b levels were measured by TagMan gPCR, both showing
elevated levels in transgenic exosomes relative to controls. Of note, kit-purified TEI
(total exosome isolate) outperformed UC (ultracentrifugation)-purified exosomes in these
parameters. In addition, a significant portion of exosomal Wnt4 proved to be displayed
on exosomal surfaces. For functional studies, steroid (Dexamethasone or DX)-induced
TECs were used as cellular aging models in which DX-triggered cellular aging was
efficiently prevented by transgenic exosomes. Finally, Dil lipid-stained exosomes were
applied on the mouse thymus sections and also iv-injected into mice, for in vitro
binding and in vivo tracking, respectively. We have observed distinct staining patterns
using Dil lipid-stained transgenic exosomes on sections of young and aging murine
thymus samples. Moreover, in vivo injected Dil lipid-stained transgenic exosomes
showed detectable homing to the thymus. Of note, Wnt4-transgenic exosome homing
outperformed control (Wnt5a-transgenic) exosome homing. In summary, our findings
indicate that exosomal Wnt4 and miR27b can efficiently counteract thymic adipose
involution. Although extrapolation of mouse results to the human setting needs caution,
our results appoint transgenic TEC exosomes as promising tools of immune rejuvenation
and contribute to the characterization of the immune-modulatory effects of extracellular
vesicles in the context of regenerative medicine.
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INTRODUCTION

Transcription factor FoxN1 is the mastermind of thymus
organogenesis and identity (1), and is also an acknowledged
direct molecular target of the glycolipoprotein Wnt4 (2). As a
consequence, Wnt4 plays a key role during embryonic thymus
development (3, 4) and the maintenance of its identity in
adulthood (5-7). Thymic epithelial cells secrete less Wnt4, while
their Frizzled receptors (Fz4 and Fz6) become up-regulated
indicating a potential compensatory mechanism and possibly
enhanced Wnt4-binding (8). This loss of Wnt4 expression
weakens thymic epithelial identity and allows for thymic adipose
involution to occur (9). This latter process leads to the
expansion of thymic adipose tissue orchestrated by transcription
factor PPARgamma (10). The Wnt/b-catenin pathway and
PPARgamma have been reported to act as mutual inhibitors of
one another in several tissue contexts, including the thymus (11-
13). We have previously shown that the addition of exogenous
Wnt4 reinforces thymic epithelial identity and confers resistance
in a steroid-induced model of senescence through suppressing
PPARgamma (2, 14).

Previous records reported that Wnt4 loses its activity when
purified as a sole compound, but retains activity as supernatant
fraction (15). In harmony, recent publications of various tissue
contexts have suggested that Wnt molecules (including Wnt4)
travel in conjunction with extracellular vesicles (EVs), more
specifically exosomes (12, 16). It has also been reported that a
significant portion of the Wnts—including Wnt4—may actually
be displayed on exosomal surfaces. Along with Wnt4, the Wnt-
pathway activator miR27b has also been shown to specifically
inhibit PPARgamma activity via binding to its promoter region
(17, 18). Similar to the Wnts above, miRNA species have also been
suggested to preferentially reside and travel in EVs, especially in
exosomes (19, 20).

EVs are released by most cell types of all phyla and
mediate various biological effects. EVs are classified by their
size where exosomes represent the smallest vesicles with a
diameter of between 30 and 200 nm. Exosomes are produced
by a multi-step process where multi-vesicular bodies (MVBs)
are formed first by cell-membrane invaginations, followed by
the extracellular release of exosomes (21). Biological functions
attributed with exosomes encompass several physiological and
pathological conditions, including cell and tissue regeneration
(22, 23). The thymus epithelium has also been reported
to be a rich source of exosomes with key immunological
relevance (24-26) e.g., in thymocyte selection (25, 27), Yet
to date, TEC (thymic epithelial cell) exosomes have not
been linked with thymus tissue regeneration. Thymus tissue
regeneration is not only relevant for aging studies, but
also in conditions that accelerate thymus degeneration due
to environmental stimuli including specific toxins, viruses,
or heavy metals (28).Due to the reasons above, we have
set out to characterize transgenic exosomes produced by
Wnt4 over-expressing TECs for their Wnt4 and miR27b
content, to test their biological activity in the context of
tissue regeneration, and distribution properties both in vitro
and in vivo.

MATERIALS AND METHODS
Cell Cultures

In vitro experiments were performed using the TEP1 primary-
derived (BALB/c) thymic epithelial cell lines or the A549 human
lung epithelial cell line (A549 served as control producer
cell compared to TEP1). The Wnt4 over-expressing version
of TEP1 and the Wnt5a over-expressing version of A549
were generated via lentiviral transfection linked to the green
fluorescent protein (GFP) as published previously (Wnt5a
served as control compared to Wnt4) (29, 30). Cells were
maintained in DMEM (Dulbecco’s Modified Eagle’s medium,
Lonza) supplemented with 10% FBS (EuroClone), Penicillin-
Streptomycin, L-glutamine, Hepes buffer, non-essential amino
acids (Lonza), and B-mercapto-ethanol (Sigma). In order to
differentiate thymic epithelial cells (TECs) toward adipose,
lineage steroid treatment was used. Dexamethasone (DX) was
diluted from a stock solution of 4 mg/mL to a final concentration
of 1 wM as formerly described (10). To counteract the aging effect
of steroid treatment, isolated Wnt4 exosomes were added to the
cell cultures.

Flow-Cytometry

Cell suspensions were prepared from both TEP1 and Wnt4 over-
expressing TEP1 cell lines in order to check the presence of Wnt4
over-expression via analyzing the GFP-positive cells. A total of
150,000 cells were collected and washed with 1x PBS (Fisher
BioReagents) then fixed using paraformaldehyde containing
PBS solution. BD FACSCanto™ II flow-cytometer (Becton
Dickinson) was used for data acquisition at a medium flow rate
and stopped at 10,000 events. Measurements were performed and
analyzed with BD FACSDiva Software version 6.1.3.

Exosome Staining, Collection and Isolation
Control mouse TECs(thymic epithelial cells), Wnt4 over-
expressing mouse TECs and Wnt5a over-expressing human A549
cells were cultured in Stemline® T Cell Expansion Medium
(Merck) and serum-free DMEM (Lonza) until they reached 80-
90% confluence. Serum-free media were used to eliminate the
effect of serum-derived exosomes. Equal volume of FBS-free cell
culture media were collected from T75 tissue culture flasks (TPP)
and centrifuged at 2,000 g for 30 min to completely remove cell
debris and apoptotic bodies. Supernatants were filtered through
a 0.45pum filter (Merck Millipore) and incubated overnight at
4°C having added Total Exosome Isolation Reagent (Invitrogen).
Following a 1 h centrifugation at 10,000 g, pellets were collected
and re-suspended in sterile PBS (GE Healthcare Life Sciences) for
further use. Exosomes were fluorescently-stained using Dil lipid
stain (Invitrogen). Dil lipid-stain was added to the cell culture
medium the day before collecting cell supernatant. Dil lipid-
stain stock solution (50 mg/mL dissolved in DMSO) was diluted
10,000-fold (31).

Transmission Electron Microscopy

Pelleted exosomes were added in 50 wl of PBS onto mesh
grids and dried overnight without the use of any fixative
(32). Contrast staining was performed using uranyl-acetate
and lead-citrate. Exosomes were examined using a Morgagni
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268D transmission electron microscope. Images were acquired
using an integrated MegaView III digital camera (Olympus Soft
Imaging Solutions GmbH).

Immune-Fluorescent Staining

Immune-fluorescent staining was performed on 2-month-
old and 21-month-old mouse thymus cryosections. Seven
micrometer thick tissue sections were mounted onto glass
slides and dried overnight. Tissue samples were fixed with

cold acetone then unspecific protein-protein interactions were
blocked with 5% BSA in PBS solution before applying
fluorochrome-conjugated primary antibodies. FITC-conjugated
a-mouse CD326 (EpCAM) (Clone G8.8, BioLegend) was used at
1:100 dilution and DAPI (1:1,000, Life Technologies) was added
as a nuclear counterstain. Slides were also incubated overnight
with previously Dil-stained Wnt4 exosomes. Following washing
steps with 1x PBS, samples were imaged using Nikon Eclipse Ti-U
microscope equipped with a CCD camera (Andor 4Zyla 5.5) and

FIGURE 1 | Characterization of transgenic exosomes. Flow-cytometric analysis of control (shown in red) and GFP+ Wnt4 over-expressing TECs (thymic epithelial
cells) (shown in green) is presented (A). FITC-A corresponds to FL1 channel where GFP-emitted fluorescence is detected. Please note that FITC-A scale is
logarithmic. Transmission electron micrograph shows TEI exosomes of approx. 50-100 nm in size (B). Wnt4 protein (C) and miR27b RNA (D) levels of TEI (total

exosome isolate) and UC (ultracentrifuged) exosomes are shown as obtained by ELISA and TagMan gPCR, respectively. From left to right column pairs show level of
over-expression, surface/total content, and TEI/UC content, as applicable. Absolute concentration is shown in ng/ml for Wnt4 (C) and absolute copy number is
shown for miR27b relative to ru6b (D). Eight (C) and three (D) replicates were used for statistical analysis. Significant differences are shown by asterisks (n/a for not
applicable, ns for not significant, *p < 0.05, **p < 0.01, **p < 0.001) and were calculated using independent samples t-test. For exact numerical values and statistical
analysis please refer to Supplementary Material. Representative drawing of a Dil lipid-stained (red) Wnt4-transgenic exosome showing Wnt4 (surface and internal)
content and miR27b (internal) cargo (E).
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FIGURE 2 | /n vitro biological effect of transgenic exosomes. Gene expression
changes of FoxN1, PPARgamma, E-cadherin, N-cadherin, and CIITA are
shown as measured by SYBR-green gPCR following steroid (DX)-treatment
alone (DX, left half of figure), or in combination with transgenic exosomes (DX
-+ Wnt4 exo, right half of figure). Three samples of each were used for
statistical analysis. Fold change (relative quantity or RQ) expression is shown,
where RQ = 1 represents baseline control. RQ is relative to control level (left
half of figure), or relative to DX-treatment (right half of figure). Please note that
Y-axis is logarithmic. Significant differences are shown by asterisks (n/a for not
applicable, ns for not significant, *o < 0.05, **p < 0.01, **p < 0.001) and
were calculated using independent samples t-test. For exact numerical values
and statistical analysis please refer to Supplementary Material.

images were captured using NIS-Elements Software. Images were
analyzed using Image] Software. Thymus lobes of iv-injected
mice were sectioned to 5pm thickness and the same staining
procedure was used as described above. Staining procedures were
optimized using previous literature data (33-36).

RNA Isolation, cDNA Preparation,

qRT-PCR, TagMan Array

Total RNA was isolated using NucleoSpin RNA II Kit (Macherey-
Nagel). High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) was used for preparation of cDNA to a final
concentration of 1 pug/pL. For gPCR analysis, PikoReal™ Real-
Time PCR System (Thermo Fisher Scientific) was used adding
Luminaris Color HiGreen qPCR Master Mix (Thermo Fisher
Scientific) to the samples. Gene expression was normalized to
mouse p-actin and HPRT housekeeping genes (See Figures 1, 2
for detailed primer list). To detect miR27b levels in exosomes,
Total Exosome RNA & Protein Isolation Kit (Invitrogen) was
used for miRNA isolation. cDNA synthesis was carried out
using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) and specific primers for U6B as endogenous control
and miR27b as target gene. Quantification of miR27b was
performed using specific gene targeted TagMan™ MicroRNA
Assay adding TagMan Universal PCR Master Mix (Applied
Biosystems). Measurements were run on a PikoReal™ Real-Time
PCR System as well using FAM as a fluorophore. Data evaluation
was accomplished using Microsoft Excel.

ELISA

Human Wnt4 ELISA Kit (Merck) was used to measure the Wnt4
protein levels of isolated exosomes. Exosomes isolated from TEP1
cell culture media were used as controls. We aimed to quantify

surface and total exosome protein levels separately. To detect
surface proteins, pelleted exosomes were dissolved in PBS (for
intact exosomes), while to determine total protein concentration,
exosomes were diluted in Exosome Resuspension Buffer (for
disintegrated exosomes) as suggested by Total Exosome RNA &
Protein Isolation Kit Manual (Invitrogen). Plates were measured
immediately at 450 nm using EnSpire® Multimode Plate Reader
(PerkinElmer) with its integrated data analysis software. Using
OD values mean absorbance of standards and samples were
calculated and results were analyzed with the help of Microsoft
Excel. Standard curve was plotted and protein concentrations
were calculated in ng/ml. The obtained R? values showed >0.91
alignment to the standard curve in all cases.

Ultracentrifugation

In order to compare TEI efficiency (37) with standard
ultracentrifugation methods confirming previous literature data
(38, 39), 1 ml serum-free medium containing exosomes was
centrifuged at 100,000g for 3h at 4°C (40) using Sorvall™
MTX 150 Micro-Ultracentrifuge (Thermo Scientific™). Pelleted
exosomes were re-suspended in PBS and used for further
experiments. Protein concentration of ultracentrifuged exosomes
were determined with ELISA and following miRNA isolation,
miR27b levels were assessed by TagMan™ MicroRNA Assay.

In vivo Exosome Homing

Eight week-old BALB/c mice were used for intravenous
introduction of Dil lipid-stained exosomes in a pilot study
(41, 42). For control purpose a mouse received 2 doses of
Dil lipid-stained Wnt5a exosomes diluted in 200 L of sterile
PBS. Another mouse was injected with the same dosage of Dil
lipid-stained Wnt4 exosomes diluted in 200 wL of sterile PBS.
After 24 h, mice were sacrificed and organs were analyzed for
fluorescent intensity with the help of IVIS Lumina III in vivo
Imaging System. Imaging of the thymus, lungs, liver, and spleen
was performed at 520 nm using Living Image Software. Thymus
lobes were embedded into cryomold and sectioned to confirm
tissue homing. Mice were housed under minimal disease (MD)
conditions and kept in the Laboratory Animal Core Facility of the
University. Experimental procedures were carried out according
to the “1988/XXVIII act of the Hungarian Parliament on Animal
Protection (243/1988)” which complies with recommendations
of the Helsinki Declaration. All animal experiments were
performed with the consent of the Ethics Committee on Animal
Research of the University (ref. no.: #BA02/2000-46/2016).

Statistical Analysis

Statistical analyses were conducted using SPSS version 22.
Descriptive statistics (mean £ SD) were calculated for all data.
Normality was assessed using the Shapiro-Wilk test (n < 50).
Comparisons were performed using one sample t-test and
independent samples t-test. The level of significance was set
at P < 0.05.
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RESULTS

Characterization of Transgenic Exosomes

Stable Wnt over-expressing BALB/c TEC (thymic epithelial cell)
lines have been generated using lentiviral vectors as described
previously (30). In the current setting, we focused on the
characterization of exosomes secreted by the transgenic cell
lines. Purity and transgenic status of cell lines was confirmed by
GFP expression provided by the same bicistronic construct that
also drives Wnt secretion. Flow-cytometric analysis verified that
the transgenic cells express GFP and hence secrete Wnt4 at a
uniform level (see Figure 1A). TECs have been reported to be
rich EV and exosome sources. Using a commercially available
PEG-based kit (40) we then enriched transgenic exosomes (TEL:
total exosome isolate) from TEC line supernatant. The enriched
supernatant fraction was confirmed by transmission electron
microscopy to contain of uniform-sized exosomes of approx.
50-100nm in diameter (see Figure 1B). Along with Wnt4,
the Wnt-pathway activator miR27b has also been reported to
suppress PPARgamma (17, 18, 43, 44). For this reason, we
have measured both Wnt4 protein and miR27b RNA quantities
in transgenic exosomes relative to their control counterparts,
using ELISA and TagMan qPCR methods, respectively. As
expected, both Wnt4 and miR27b showed elevated and
statistically significant levels in exosomes of transgenic TECs
compared to their control counterparts (see Figures 1C,D).

Furthermore, we have measured total Wnt4 concentration (via
lysis of exosomes) and surface Wnt4 concentration (using intact
exosomes) showing that a significant portion of Wnt4 is surface-
displayed, in harmony with literature (8, 19) (Figure 1C). Of
note, UC (ultracentrifugation) has repeatedly provided poor
exosomal protein and miRNA vyield as compared to TEI
(see Figures 1C,D). Figure 1E shows schematic drawing of
Dil lipid-stained transgenic exosome with Wnt4 content and
miR27b cargo.

Biological Effect of Transgenic Exosomes

We have previously reported that the supernatant of the
Wnt4 over-expressing BALB/c TEC (thymic epithelial cell)
line confers resistance to steroid (Dexamethasone or DX)-
induced accelerated aging in our cellular model system (2). In
short, DX-treatment triggers adipose transformation of TECs
via epithelial-to-mesenchymal transition (EMT) (10). We have
used the same experimental setting using enriched transgenic
exosomes instead of transgenic supernatant. As expected and
shown by SYBR-green qPCR (see Figure 2), the applied DX-
treatment triggers loss of TEC identity (decreased FoxN1 and
MHCII or CIITA expression), promotes EMT (cadherin switch
or decreased E-cadherin and increased N-cadherin expression),
and initiates adipose transformation (increased PPARgamma
expression). In perfect conformity with our previous reports
using transgenic supernatant (2, 4), the transgenic exosomes

FIGURE 3 | /n vitro binding and distribution of transgenic exosomes. Frozen mouse thymic sections from young adult (2 months, A) and senior adult (21 months, B)
are shown. Sections were labeled using EpCAM1-FITC (shown in green). Transgenic exosomes were pre-stained using Dil lipid stain (shown in red). Representative
slide is presented. Data were calculated using five slides each. Integrated pixel density values are shown for EpCAM1 (shown in green) and Dil lipid stain (shown in red)
(C). Significant differences are shown by asterisks (n/a for not applicable, ns for not significant, *p < 0.05, **p < 0.01, **p < 0.001) as obtained using independent
sample t-test. Data were calculated using five slides each. For exact numerical values and standard deviation please refer to Supplementary Material.
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also efficiently counteract all of the above gene expressional
changes, preserving TEC identity, blocking EMT, and adipose
transformation from developing.

In vitro Binding and Distribution of

Transgenic Exosomes

We have shown above that our transgenic exosomes harbor
elevated amounts of Wnt4 of which a significant portion is
surface-displayed. Previously we have reported that Wnt4-
binding Frizzled receptors (Fz4 and Fz6) are up-regulated in
aged TECs (thymic epithelial cells) as compared to young
TECs (8). Next, we have tested whether thymic histological
sections can bind transgenic exosomes using standard immune-
fluorescent staining protocol. We were also interested to see
if histological in vitro binding shows a particular pattern
and furthermore, if this pattern changes with the age of the
epithelium as suggested by Frizzled up-regulation (2, 8). For
this reason, Dil lipid-stained transgenic exosomes have been
applied on thymic sections of mice of 2-month-old (young) and
21-month-old (aged) for histological staining. As anticipated,
both young and old mouse thymic sections efficiently bind
transgenic exosomes (see Figures 3A,B, respectively). Relative
to the histological presentation of the EpCAM-11t" medullary
epithelium, the transgenic exosomes showed preferential binding
to medullary regions at a young age (see Figure 3A), while a more
profound cortical binding pattern was observed at an old age
(see Figure 3B). Not only does the binding pattern change with
age (shifting from medullary at a young age to cortical at an old
age), but binding efficiency also increases with age (observed as
increased, statistically significant Dil/fluorescent integrated pixel
density at old age compared to young age, see Figure 3C). Please
also note that the medullary area shrinks with age relative to other
areas, in harmony with our previous records (4) observed here as
mild indicative decrease of FITC integrated pixel density at old
age compared to young age (see Figure 3C).

In vivo Binding and Distribution of

Transgenic Exosomes

The thymic epithelium has been reported to be highly active in
exosome trafficking (24, 25, 45). We have shown above that our
Wnt4-transgenic exosomes readily bind to the thymic epithelium
in vitro on histological sections. However, we were interested
to see if in vivo binding of transgenic exosomes also occurs
in the thymic epithelium. For this reason, Dil lipid-stained
Wnt5a-transgenic (serving as control) human (A549), and Wn4-
transgenic (serving as sample) BALB/c (TEP1) exosomes have
been injected into tail veins of young adult BALB/c mice to
check their in vivo topological distribution after 24h. It has
been reported that certain organs (e.g., liver, lungs, and spleen)
capture a significant portion of exosomes rapidly and non-
specifically following systemic administration (46). Using IVIS
Lumina III imaging and performing topological reconstruction
of murine organs over standard mouse contour, we were able to
record detectable homing of transgenic exosomes to the thymus
despite significant non-specific capture by other organs (e.g.,
liver, lungs, and spleen) (see Figure 4A). Fluorescent signals of

Dil lipid-stained sample Wnt4-transgenic TEC (thymic epithelial
cell) exosomes exceeded control values of Wnt5a-transgenic
exosomes (see Figure 4B). It is worthy of note that thymic signals
exceed pulmonary and splenic signals, despite significant size
differences. Furthermore, immune-fluorescently labeled sections
of the in vivo Wnt4-transgenic exosome-infiltrated thymus
revealed the histological level homing pattern observed after 24 h
(see Figures 5A,B) that allows for the quantitative evaluation of
transgenic exosome homing (see Figure 5C).

DISCUSSION

In harmony with literature data, our results confirm that
the thymic epithelium is a particularly rich source of EVs
and exosomes (24, 25, 45). The Wnt4 over-expressing
transgenic TEC (thymic epithelial cell) line proves to be
a reliable source of transgenic exosomes that are easy to
visualize, enrich to high purity, characterize, and apply in
experiments. As anticipated, the transgenic exosomes contain
elevated levels of Wnt4 protein, as well as the Wnt-pathway
activator miR27b, which potentially synergizes with Wnt4 to
counteract PPARgamma.

Based on our current results obtained with our thymus aging
cellular model system the transgenic exosomes transmit the
biological activity that was previously attributed to supernatant
transfer (2, 4). The applied transgenic exosomes efficiently
prevent steroid-triggered adipose transformation as supported
by reinforced epithelial identity (increased FoxN1 and CIITA
expression), lack of EMT (sustained E-cadherin and low N-
cadherin expression) and resistance to adipose differentiation
(low PPARgamma expression) in line with our previous reports
using transgenic supernatants.

Histological level analysis of in vitro transgenic exosome
binding provides information in more depth. At a young age
(2-month-), transgenic exosomes readily bind to the thymic
epithelium with slight medullary preference. In contrast, at an
old age (21-month-), transgenic exosomes show a moderate
cortical preference. Furthermore, transgenic exosomes show
significantly higher overall binding frequency at an old age,
suggesting that the senescent thymic epithelium readily adsorbs
Wnt4-transgenic exosomes. This is supported by literature
data and our own results showing that a significant portion of
exosomal Wnt4 is surface-displayed and that Wnt4-binding
Frizzled receptors (Fz4 and Fz6) are up-regulated in senescent
TECs (8). Combined, our previous and current results suggest
that as Wnt4 secretion decreases with age and since cortical
areas show preferential binding of the remaining Wnt4 (a key
factor of TEC identity) at an old age, age-related medullary
involution may precede cortical involution due to the medullary
lack of Wnt4-effect (10, 14, 47). To our knowledge, this is a novel
molecular level explanation of accelerated medullary involution.
Highlighting the relevance of our in vitro binding assay, our
in vivo transgenic exosome homing assay shows detectable
homing to the thymus when using mouse TEC-derived Wnt4-
transgenic exosomes as opposed to control exosomes (human
A549-derived  Wnt5a-transgenic  exosomes).  Histological
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FIGURE 4 | In vivo binding and distribution of transgenic exosomes. Dil lipid-stained and iv-injected exosomes show differential topological distribution patterns
(radiant efficiency) after 24 h. Organotopic distribution was reconstructed using standard mouse contour. The thymus, lungs, spleen, and liver were analyzed using
IVIS Lumina imaging (A). Radiant efficiency of thymus relative to liver (RQ) is shown for of Dil lipid-stained and iv-injected transgenic exosomes after 24 h for Wnt5a
(control) and Wnt4 (sample) (B). Significant differences are shown by asterisks (n/a for not applicable, ns for not significant, *p < 0.05, **p < 0.01, **p < 0.001) as
obtained using independent samples t-test. Pilot study is shown. For exact numerical values please refer to Supplementary Material.

FIGURE 5 | Ex vivo binding and distribution of transgenic exosomes. Frozen mouse thymic sections from control (A) and Dil lipid-stained Wnt4-transgenic exosome
iv-injected mouse (B) are shown 24 h after administration. Sections were stained for EpCAM1-FITC (shown in green). Transgenic exosomes were pre-stained using Dil
lipid stain (shown in red). DAPI was used as nuclear counter-stain (shown in blue). Integrated pixel density values are shown for EDCAM1 (shown in green) and Dil lipid
stain (shown in red) (C). Significant differences are shown by asterisks (n/a for not applicable, ns for not significant, *p < 0.05, **p < 0.01, **p < 0.001) as obtained
using independent samples t-test. Pilot study is shown. For exact numerical values please refer to Supplementary Material.

analysis of Wnt4-transgenic exosome-infiltrated thymus sections In summary, based on our cellular aging model system,
confirms their presence also showing distribution pattern and  along with in vitro and in vivo binding and homing studies,
binding frequency. respectively; our results confirm that transgenic exosomes
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readily and efficiently provide a permissive niche for immune
regeneration in the mouse setting and hold promise for human
application as well.
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ABSTRACT

The Wnt/beta-catenin signaling pathway plays an important role in the commitment and development
of thymic epithelial precursors. Here we document similarities of thymic epithelial development during
embryogenesis in human and mouse. We stained for thymic epithelial surface markers (EpCAM1, Ly51,
K8) and ligand/receptor pair (Wnt4, Fz4). Our results confirm the relevance of using murine test systems
to model human embryonic thymic epithelial cell development.

We have efficiently transduced murine embryonic epithelial cells using mock (GFP) and Wnt/beta-
catenin-inhibiting (ICAT-encoding) recombinant adenoviral vectors. The effect of Wnt4 was assayed in
the form of Wnt4-containing supernatant. Gene expressional changes were assessed by Q-PCR and also
morphology using conventional and confocal fluorescent microscopy. Functional aberration caused by
ICAT was assessed through evaluation of thymocyte maturation.

Our results demonstrate that ICAT and Wnt4 have reciprocal effects during embryonic thymic epithelial
cell development. While Wnt4 is capable of increasing the expression level of characteristic intracellular
(FoxN1), surface (MHCII) and secreted (IL7) molecules, Wnt/beta-catenin inhibition through ICAT can
moderately decrease their expression. Morphological changes induced by ICAT resulted in the develop-
ment of hollow, inflated thymic lobes with reduced epithelial cell numbers. The ICAT-treated thymic

lobes also showed significant impairment in supporting thymocyte development and maturation.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

Along with Notch and BMP, the abundantly secreted Wnt
(wingless-related MMTYV integration site) glycoproteins have been
proposed to play an elementary role in the development, main-
tenance and functional integrity of the thymic stroma (Bleul and
Boehm 2005; Pongracz et al. 2003; Osada et al. 2006; Anderson et al.
2001). The current article focuses on the evolutionarily conserved
molecular family of secreted Wnt glycoproteins. The nineteen
known Wnt glycoproteins signal through ten G-protein dependent
receptors, called Frizzled receptors. For active signal transduction,

Abbreviations: BMP, bone morphogenic protein; EpCAM, epithelial cell adhesion
molecule; FoxN1, forkhead box N1; Fz, frizzled; GFP, green fluorescent protein; ICAT,
inhibitor of beta-catenin; IL7, interleukin 7; K, keratin; LRP, low density lipoprotein
receptor-related proteins; MHCII, major histocompatibility complex II; TCF, T-cell
factor; rAd, recombinant adeno-viruses; Wnt, wingless-related MMTV integration
site.
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E-mail address: kvell krisztian@pte.hu (K. Kvell).
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Frizzled receptors need to form a complex with low density lipopro-
tein receptor-related proteins (LRP), as co-receptors. The actual
constellation of the ligand, receptor and co-receptor defines Wnt-
mediated effects in a context-dependent manner (Mikels and Nusse
2006; Gordon and Nusse 2006; Schweizer and Varmus 2003). Wnt4
is in spotlight of the current work being one of the most abun-
dantly expressed non-canonical Wnt molecule secreted by the
thymic epithelium during embryonic development, with expres-
sion levels progressively decreasing during postnatal development
and aging (Kvell et al. 2010; Kvell and Pongracz 2011; Varecza
et al. 2011). It is of note that FoxN1 (a key transcription factor that
defines thymic epithelial identity) is an acknowledged target gene
of Wnt4 in the thymic epithelial context (Balciunaite et al. 2002).
ICAT (inhibitor of beta-catenin and TCF-4) is a polypeptide that
inhibits Wnt/beta-catenin nuclear signaling by binding and com-
peting its interaction with the transcription factor TCF (T cell factor)
in the nucleus. Therefore ICAT is an intracellular negative regulator
of the Wnt/beta-catenin pathway (Pongracz et al. 2006). Since the
Wnt glycoproteins and Wnt4 in particular are key players of embry-
onic thymic epithelial development we examined the effect of both
increased Wnt-effect (additional Wnt4 in the form of supernatant)
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and decreased Wnt-effect (ICAT over-expression through adenovi-
ral vectors) in embryonic thymic lobes ex vivo. In the mouse the
thymus appears on day eleven (E11) of the total 21 days of embry-
onic development. The epithelial progenitors appear first followed
by the quick colonization by T-cell progenitors from E12 onwards.
By E15 the thymic epithelial medulla and cortex begin to form sep-
arate compartments required for the selection steps of developing
thymocytes (Rezzani et al. 2008). In the human embryo the thy-
mus appears on week 5 (W5) of the total 40 weeks of embryonic
development. T-cell progenitors colonize the stromal niche from
W?7 (Hayward and Ezer 1974; Lobach and Haynes 1987). Despite
obvious differences between murine and human embryonic thymic
development concerning timing, numerous inter-species similar-
ities exist in terms of function and immunological competence.
The current article includes histological comparison of human and
mouse embryonic thymic sections to identify similarities in stain-
ing patterns of cell surface and secreted proteins. Such similarities
would highlight the utility of murine embryonic thymic test sys-
tems for their relevance in the context of human embryonic thymic
epithelial development.

Materials and methods
Mouse and human thymic samples

Mice were bred in our animal facility. All animal work has been
conducted according to relevant national and international guide-
lines following approval of ethics committee of the University of
Pecs (ref. no. BA02/2000-3/2006). For ex vivo experiments we used
thymic lobes from timed pregnancies at E12 and E15.

Human thymic sample originates from W15 aborted fetus.
Abortion was initiated due to diagnosis of Patau-syndrome (chro-
mosome 13 trisomy) that does not interfere with embryonic thymic
development. The procedures were conducted according to rele-
vant national and international guidelines following approval of
ethics committee of the University of Pecs (ref. no. ad.8-2/2009-
1018EKU).

Ex vivo experiments

Murine embryonic E12 and E15 thymic lobes were cultured in
DMEM supplemented with 10% FCS, penicillin, streptomycin and
beta-mercapto-ethanol (Lonza Walkersville). Recombinant aden-
oviral (rAd) preparations (prepared as published previously) that
specifically transfect epithelial cells were added to the culture
medium of murine thymic lobes that were further cultured for up
to seven days (Hare et al. 2003). Flow-cytometric analysis of E12
murine thymic epithelial cells was performed 48 h following rAd
transfection (E12 murine thymic lobes are devoid of thymocytes).
E15 murine thymocytes were selectively liberated by mechanic
dispersion then stained 168 h after rAd transfection (E15 murine
thymic epithelial cells would require prolonged collagenase diges-
tion for liberation). Murine thymocytes were stained with CD4-PE
(clone H129.19 from BD Pharminden) and CD8-FITC (clone 53-6.7
from BioLegend) labeled antibodies. FACS Calibur cytometer and
Cell Quest software were used for analysis (Becton Dickinson, USA).

The supernatant of mock and Wnt4-secreting transgenic TEP1
cells (murine thymic epithelial cell line model) were prepared as
published previously (Kvell et al. 2010). (Recombinant Wnt pro-
teins become inactivated during the process of purification, hence
the use of supernatants instead). In order to exclude the thymocyte-
mediated effects of secreted Wnt4 either E12 tmurine hymic lobes
were used (practically devoid of thymocyte progenitors) or E15
murine thymic lobes were pre-treated with deoxiguanosine (at

2mM final, Sigma) for five days prior to the ten-day supernatant
treatment.

Histology

Cryostate sections (9 wm) of murine and human thymic lobes
were fixed in cold acetone, then dried and blocked using 5% BSA
in PBS for 20 min before staining with a-Ly51-PE (clone 6C3 from
BD Pharmingen), a-EpCAM-FITC (clone G8.8, monoclonal antibody
prepared in our lab), a-K8 (clone Ks8.7 from Santa Cruz Biotechnol-
ogy), a-Wn4 (clone C-14 from Santa Cruz Biotechnology) or a-Fz4
(clone C-18 from Santa Cruz Biotechnology). Unlabeled antibodies
were visualized using secondary antibodies of the Northern Light
secondary antibody family (NL557 family, NLOO1: anti-goat, NLOO7:
anti-mouse from R&D Systems). The sections were analyzed using
Olympus BX61 system.

Cultured E12 murine thymic lobes were fixed in paraformalde-
hyde and stained in whole using the same reagents as above, but
applying extended incubation period for fixation, wash and staining
(~60 min each) to allow for antibodies to penetrate the miniature
embryonic thymic lobes. Confocal fluorescent images were cap-
tured using the Olympus Fluoview-1000 system.

RNA isolation, cDNA preparation, Q-PCR analysis

Total RNA was isolated from the cultured murine thymic lobes
using the RNAII kit (Macherey-Nagel), including a DNase diges-
tion step. Then cDNA was synthesized using the high capacity
RNA to cDNA kit (Life Technologies). For Q-PCR analysis, we
used an AB7500 platform and SYBR green I chemistry (Life Tech-
nologies). Gene expression was normalized to beta-actin. The
sequences/catalog numbers of mouse-specific primers are listed in
Table 1. Primers were not designed to be exon-spanning, however,
on column DNase digestion during RNA preparation eliminated
genomic DNA residues.

Statistical analysis

All experiments were performed on three occasions, representa-
tive experiments are shown. Measures were obtained in triplicates;
data are presented as mean =+ 1 SD by error bars.

Results
Histological characterization of human embryonic thymus

Human embryonic thymic sections from W15 were stained
for characteristic cell surface and secreted markers. Fig. 1A shows
staining for EpCAM-1 and Ly-51 surface antigens. As expected
EpCAM-1 is moderately expressed by all thymic epithelial cells
with areas showing increased EpCAM-1 staining that correspond
to epithelial cells of the medulla. Parallel Ly-51 staining identifies
cortical epithelial cells. It appears that by W15 the thymic epithe-
lial cells show distinct patterning to regions of the medulla and
cortex, based on staining with these two markers. Fig. 1B shows
co-localization of EpCAM-1 and cytokeratin8 following histological
staining. Cytokeratin8 appears to stain broad epithelial areas of
the human thymus, largely overlapping with EpCAM-1 staining.
The staining patterns of the secreted Wnt4 molecule as well as
its ligand Fz4 have also been assayed as demonstrated by Fig. 1C
and D. As expected, Wnt4 is primarily expressed by the thymic
epithelium as shown by the significantly overlapping staining
pattern of Wnt4 and EpCAM-1. On the other hand, Fz4 expression
shows only moderate co-localization with EpCAM-1, and indeed
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Fig. 1. Figure shows the histological characterization of the human embryonic thymus at 15w of age at 20x magnification using fluorescent microscopy. The figures
portray co-localization patterns with EpCAMT1 epithelial surface antigen. (A) Shows Ly51, (B) demonstrates cytokerating, (C) portrays Wnt4, while (D) depicts Fz4 staining
pattern with respect to the thymic epithelial context. (A) Shows segregation of medullary (EpCAM1++) and cortical (Ly51+) epithelial cells. (B, C) Identify epithelial cells
as the major source of K8 expression and Wnt4 secretion in this setting. As expected, (D) shows a distinct pattern as epithelial cells are not the only Fz4-bearing cells in thymus.
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Table 1
List of gene specific PCR primers.

Gene Forward primer Reverse primer

Beta-actin 5-TGG CGC TTT TGA CTC AGG A-3’ 5-GGG AGG GTG AGG GACTTC C-3’
ICAT 5-CGG AGG AGA TGT ACA TTC AAC AGA-3’ 5'-TCA CTG GCG GTC AGG TTT G-3'
MHCII 5'-CTA GCC AAG TCC CTC CTA AGG-3’ 5'-ATC TCA GAC TGA TCC TGG CAT-3’
IL7 5'-ACT ACA CCC ACC TCC CGC A-3’ 5'-TCT CAG TAG TCT CTT TAG G-3’
FoxN1 Applied Biosystems TagMan probe PN4351272 (MmO00477457 _m1) -

the vast population of non-epithelial cells including thymocytes
are also known to be among Wnt4-binding cells.

Histological characterization of mouse embryonic thymus

Mouse embryonic thymic sections from E15 were also stained
for the same, characteristic cell surface and secreted markers used
above. Fig. 1E portrays staining for EpCAM-1 and Ly-51 surface anti-
gens. As observed with the human sections, EpCAM-1 is expressed
by all thymic epithelial cells with certain areas showing increased
EpCAM-1 expression identifying epithelial cells of the medulla,
while Ly-51 staining defines cortical epithelial cells. It seems that
by the embryonic age E15 the thymic epithelial cells show differ-
entiation toward either medullary or cortical phenotype, based on
staining patterns. Fig. 1F shows staining with EpCAM-1 and cytok-
eratin8. The murine section shows expression with both surface
markers, although the staining pattern is different from that of
the human section showing significantly less overlap. The expres-
sion and staining pattern of the secreted Wnt4 molecule as well
as its ligand Fz4 have also been tested as shown by Fig. 1G and
H. Both Wnt4 and Fz4 are rather ubiquitously expressed in the
mouse thymus and both show significant overlap with EpCAM-1.
This co-localization is more significant in the mouse compared to
the human section for both Wnt4 and Fz4.

Adenoviral transgene delivery to thymic epithelial cells

E12 murine thymic epithelial cells were transfected with recom-
binant adenoviral (rAd) vectors that specifically transfect epithelial
cells and leave other cells unaffected. The vectors encoded either
GFP marker gene alone (mock) or in combination with ICAT. Trans-
fection efficiency was assayed by flow cytometry 48 h later and was
found to be very high with the mock vector (91.49%) and high with
the ICAT-encoding rAd vector (69.36%) based on GFP expression
of transected cells (see Fig. 2A and B). Transgene expression was
also verified at the mRNA level for ICAT by Q-PCR and was found
to be efficiently over-expressed (~10,000x or four magnitudes,
see Fig. 2C) in the case of ICAT-encoding rAd compared to mock-
transfection baseline, proving that rAd vectors are highly suitable
vehicles for gene delivery into thymic epithelial cells.

Mouse E15 embryonic thymic lobes were transfected with rAd
vectors encoding either GFP marker gene alone (mock) or combined
with ICAT. In parallel, following thymocyte-depletion achieved
by deoxiguanosine-treatment, further E15 murine thymic lobes
were incubated in the presence of supernatants of either con-
trol or Wnt4-secreting transgenic TEP1 cells (thymic epithelial
cell line model, method published previously (Beardsley et al.
1983). The effect of ICAT over-expression and additional Wnt4-
treatment on gene expression was tested at the level mRNA

by Q-PCR after seven days of incubation following treatment as
shown on Fig. 3. Both treatments had their own controls (control
supernatant for Wnt4-treatment and mock (GFP)-transfection for
ICAT-transfection). Values corresponding to these controls were set
as starting levels represented by value 1 of the vertical axis hence
called relative gene expression. The assayed genes included sur-
face (MHCII), intracellular (FoxN1) and secreted (IL7) molecules,
conventionally associated with epithelial phenotype and function
in the context of the thymus. Our results indicate that all the
three assayed genes were up-regulated following increased Wnt4
exposure provided by Wnt4-containing supernatant compared to
treatment with mock supernatant (MHCII: >2x, FoxN1: >3x, IL7:
~6x). In parallel, the same read-out genes showed moderate, but
consequent down-regulation following the over-expression of ICAT
compared to mock-transfection baseline. Thus our data summa-
rized by Fig. 3 indicate that increased Wnt4-exposure and the
inhibition of the Wnt/beta-catenin pathway through ICAT have
reciprocal effects on characteristic surface (MHCII), intracellular
(FoxN1) and secreted (IL7) molecules conventionally associated
with epithelial phenotype and function in the context of the thy-
mus.

Morphological changes at the level of histology

Mouse embryonic thymic lobes from E12 (predominantly con-
taining thymic epithelial progenitors) have been transfected with
the above mock (GFP) and ICAT-encoding adenoviral vectors. Fol-
lowing an incubation period of seven days the thymic lobes were
visualized in whole by conventional and confocal fluorescent
microscopy following staining for EpCAM-1 to show thymic epithe-
lial cells. Fig. 4A and B show mock-transfected and ICAT-transfected
stained whole thymic lobes, respectively, by conventional fluo-
rescent microscopy. The thymic lobe transfected with rAd ICAT
appears to be larger in diameter compared to the mock-transfected
thymic lobe (~0.85mm vs. ~1.35mm based on scale bar). How-
ever, if the same lobes are visualized using a confocal microscope
combined with trans-white imaging, it becomes evident that the
ICAT-transfected lobe is hollow compared to the mock-transfected
thymic lobe (see Fig. 4C and D, respectively) harboring a large cav-
ity without cells. It is also of note that the remaining epithelial cells
reside adjacent to the inner lining of the internal cavity. (These
phenomena are shown by the combination of confocal single-plane
and conventional trans-white imaging used on Fig. 4C and D). Occa-
sional thymic cysts were also observed with this combined imaging
technique following ICAT-transfection (see Fig. 4D). Decreased
cellularity despite increased lobe size was also supported by sig-
nificantly lower RNA yield (~0.3 x) obtained with ICAT-transfected
lobes compared to mock-transfected lobes (data not shown).

Figure portrays the histological characterization of the mouse embryonic thymus at E15 of age at 10x magnification using fluorescent microscopy. The figures show co-
localization patterns with EpCAM1 epithelial surface antigen. (E) Demonstrates Ly51, (F) shows cytokeratin8, (G) depicts Wnt4, while (H) portrays Fz4 staining pattern with
respect to the thymic epithelial context. According to (E) the medullary (EPCAM1++) and cortical (Ly51+) thymic epithelial regions show distinct patterns by E15. (F) Shows
that K8 expression is different in the mouse as in the human, there is no significant overlap with EpCAM1-expression. (G) Shows similar ubiquitous expression of Wnt4 as
seen in the human section. (H) Demonstrates that Fz4 expression is rather ubiquitous in the mouse setting compared to the human section.
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Fig. 2. Figure shows the flow-cytometric and Q-PCR characterization of transfection efficiency using recombinant adenoviral vectors to transfect E12 embryonic thymix
epithelial cells. (A, B) Demonstrate GFP marker gene expression 48 h following GFP or ICAT transfection (shown by gray fill) compared to control cells (shown by black
line). Transfection efficiencies were 91.49% for GFP(mock)- and 69.36% for ICAT-transfection, respectively. (C) Shows the increase of ICAT mRNA level obtained following
transfection with ICAT-encoding recombinant adenoviral vector compared to vector encoding GFP alone. Please note that scale is exponential and hence shows increase of

four magnitudes.

Fig. 3. Figure demonstrates gene expressional changes of characteristic epithe-
lial cell surface (MHCII), intracellular (FoxN1) and secreted (IL7) in the embryonic
thymic context measured by Q-PCR. The figure shows the effects of Wnt4-treatment
(black boxes) and ICAT-transfection (gray boxes) on the mRNA levels of the assessed
genes in E15 thymic lobes, error bars show +1 S.D. Both Wnt4-treatment and
ICAT-transfection had their own controls in the form of control-treatment and
GFP(mock)-transfection, respectively. These provide control values represented by
value 1 on the vertical axis (hence relative expression). Please note that Wnt4-
treatment can reach all cells, whereas ICAT-transfection cannot.

Functional changes indicated by thymocyte maturation

Mouse embryonic thymic lobes from E15 (already colo-
nized by thymocyte precursors) have also been transfected with
the above mock (GFP)- and ICAT-encoding adenoviral vectors.
Following an incubation period of seven days thymocytes were
selectively liberated by mechanic dispersion then stained for CD4
and CD8 expression (E15 murine thymic epithelial cells would
require prolonged collagenase digestion for liberation). During
flow-cytometric evaluation viable cells (using morphological R1
gate, see Fig. 5A) were statistically analyzed for CD4/CD8 ratio (see
Fig. 5B-D). A young adult (1 month old) female BALB/c mouse was
sacrificed and the thymocytes were likewise liberated and stained
for CD4/CD8 expression and ratio, serving as control (see Fig. 5B).
The young adult thymus contains plenty of double positive thy-
mocytes (46.6% CD4+, CD8+) and among single either CD4 or CD8
positive cells the helper T-cells dominate over cytotoxic T-cells
(41.7% vs. 3.3%), as normally observed in young adult BALB/c mice.
In comparison the mock (GFP)-transfected embryonic thymic lobe
(Fig. 5C) shows a somewhat different ratio for CD4/CD8 expres-
sion. There are more double negative thymocytes (34.8% CD4—,
CD8-) and less single either CD4 or CD8 positive T-cells (15% and
5.8%, respectively) with equal number of double positive thymo-
cytes (44.4% CD4+, CD8+). Differences compared to young adult
figures are likely due to the embryonic context of thymocyte devel-
opment continued in an ex vivo setting. What is more striking,
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Fig. 4. Figure shows histological level morphological differences of mock and ICAT-transfected embryonic thymic lobes using fluorescent conventional and confocal
microscopy. Epithelial cells were stained for their EpCAM1-expression on all four images. (A, B) Obtained with conventional fluorescent microscopy illustrates the size
difference of GFP and ICAT-transfected lobes. The applied size marker (lower right corner) allows for approximate determination and comparison of lobe diameters. (C, D)
Obtained with confocal microscopy allow for the visualization of internal lobe structure showing EpCAM1-staining cells in the examined plane (staining red) as well as the
entire organ (trans-white image layer shown in gray). The lobe is significantly larger following ICAT-transfection as shown by Fig. 3(B and D). However, the lobe is inflated
harboring a hollow cavity lined by epithelial cells following ICAT-transfection as shown by Fig. 3D. Occasional cysts are also observed (Fig. 3D).

however, is the degree of difference in CD4/CD8 ratio observed
among thymocytes following ICAT-transfection (see Fig. 5D). There
is adominance of double negative thymocytes (80.9% CD4—, CD8-)
with very few double positive thymocytes (8% CD4+, CD8+) and
even less single either CD4 or CD8 positive T-cells (4.2% and 7%,
respectively). The difference in CD4/8 ratio is striking not only com-
pared to young adult, but also compared to mock-transfected E15
thymic lobes. Differences compared to mock-transfection can only
be attributed to selective inhibition of Wnt/beta-catenin signaling
through ICAT in mouse embryonic thymic epithelial cells selec-
tively transfected by rAd vectors providing an altered niche for
murine thymocyte development.

Discussion
Comparative histology

Human (W15) and mouse (E15) embryonic thymic sections
were examined at the level of histology. The presence of char-
acteristic cell surface markers (EpCAM-1, Ly-51, cytokeratin8) as
well as a secreted protein and its ligand (Wnt4, Fz4) was assessed
(Gill et al. 2002; Bennett et al. 2002; Klug et al. 2002). Both human

and mouse sections stained positive for all the examined proteins.
The thymic epithelial compartments of the medulla and the cortex
showed signs of segregation in both the W15 human and the E15
mouse thymic sections. Staining patterns obtained with cytoker-
atin8 and Fz4 in particular showed differences between human and
mouse. This, however, is not surprising as the examined embryonic
stages (W15 for human and E15 for mouse) do not match exactly in
terms of thymic developmental stage. Nevertheless it is reassuring
that the same characteristic cell surface markers, secreted proteins
and ligands are equally present during human and murine embry-
onic development emphasizing the human relevance of murine
test systems therefore subsequent experiments were performed
on murine cells.

Changes in gene expression related to Wnt/beta-catenin signaling

Reciprocal input signals were provided to murine embryonic
thymic epithelial cells in terms of the Wnt/beta-catenin signaling
pathway. Increased non-canonical Wnt-effect was modeled
through providing additional Wnt4 in the form of supernatant. The
opposite effect was achieved through rAd-mediated transfection
of the ICAT transgene that inhibits the Wnt/beta-catenin signaling
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Fig. 5. Figure demonstrates flow-cytometric evaluation of epithelial functionality shown by thymocyte maturation. The thymic lobes were mechanically dispersed liberating
the thymocytes. Viable cells were gated (R1) by morphology (A). Thymocytes were stained with CD4-PE and CD8-FITC. The ratio of CD4/CD8 expression is shown in viable
thymocytes from young adult (B) control, and GFP-transfected (C) or ICAT-transfected (D) E15 thymic lobes after 7 days of ex vivo culture. Percentages of flow-cytometric
statistics are shown in the corresponding quadrants. Representative flow-cytometric figures are shown. The young adult sample and the GFP(mock)-transfected sample
show similarity in terms of thymocyte subpopulations. The CD4/CD8 double positive group shows equal representation, while double negative cells are more frequent and
single positive cells are less frequent in the mock-transfected scenario compared to the young adult control, likely due continued ex vivo development in an embryonic
setting. However, thymocyte subpopulation distribution is rather different following ICAT-transfection as there is a severe block in development shown by the accumulation

of double negative cells and the loss of double positive and single positive cell groups.

pathway. Gene expression analysis of surface (MHCII), intracellular
(FoxN1) and secreted (IL7) molecules, conventionally associated
with epithelial phenotype and function in the context of the
thymus showed that additional Wnt4 exposure could significantly
increase the transcription of all three examined genes. It is of note
that our data obtained ex vivo are in harmony with literature data
suggesting that FoxN1 is a direct target gene of Wnt4 (Gill et al.
2002). In contrast, the over-expression of ICAT could consequently,
though moderately down-regulate the transcription of all three
examined genes.

The fact that decrease in gene expression achieved through
ICAT-transfection was moderate is due to several factors. The Wnt4
supernatant affects all cells of the experimental system through a
cell non-autonomous effect. In contrast, ICAT could only inhibit the
Wnt/beta-catenin signaling pathway in transfected thymic epithe-
lial cells due to its intracellular/cell-autonomous route of action.
Also, gene expressional change following ICAT-mediated inhibition
was compared to mock-transfection corresponding to basal level
Wnt4 secretion that is low compared to additional Wnt4 super-
natant. Currently there is no way in our experimental system for
quantitative, balanced reciprocal Wnt4/ICAT treatment to affect
epithelial cells with opposing signals of equal intensity.

Changes in morphology related to Wnt/beta-catenin signaling

We have performed mock-transfection and ICAT-transfection
of E12 mouse embryonic thymic lobes followed by staining for
EpCAM-1 and visualization in whole. Conventional fluorescent
microscopy shows that the thymic lobes become significantly
larger in diameter following ICAT-transfection compared to mock-
transfection. However, confocal fluorescent microscopy (especially
if combined with trans-white conventional image) shows that the
ICAT-transfected lobe is rather empty compared to the mock-
transfected thymic lobe containing a hollow cavity without cells.
Also the overall number of epithelial cells appears to be lower and
restricted to a spherical area surrounding the hollow cavity in this
aberrant developmental scenario.

Changes in functionality related to Wnt/beta-catenin signaling

The indirect effect of Wnt4 on thymocyte development has
already been thoroughly investigated by other groups (Heinonen
etal. 2011). Therefore we focused on examining the indirect effect
of selective Wnt/beta-catenin inhibition in murine thymic epithe-
lial cells, thus altering the niche in which thymocytes develop.
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At later stages (from E13 onwards) the mouse embryonic thy-
mus contains thymocyte precursors that can undergo maturation
processes ex vivo. We have performed mock (GFP)-transfection and
ICAT-transfection of E15 mouse embryonic thymic lobes followed
by flow-cytometric analysis of viable thymocytes for CD4/8 expres-
sion to demonstrate changes in the functionality of epithelial cells
to support thymocyte maturation. During physiological maturation
the developing thymocytes are first double negative (CD4—, CD8-)
and then turn on the expression of both CD4 and CD8 to become
double positive (CD4+, CD8+). This is followed by the single pos-
itive stage where either CD4 or CD8 expression is spared, while
the other becomes muted, normally resulting in the dominance of
helper T-cells (see Fig. 5B in young adult mouse).

The normal route of thymocyte development is somewhat
slowed down in the mock (GFP)-transfected embryonic ex vivo
cultured setting where we observe less single positive and more
double negative thymocytes compared to the young adult mouse
(see Fig. 5C). This is not surprising as we compare thymocyte matu-
ration ex vivo in embryonic thymic lobes vs. thymocyte maturation
in vivo in physiological young adult thymus. However, differences
are much more striking following selective inhibition of Wnt/beta-
catenin signaling in thymic epithelial cells by ICAT-encoding rAd
vectors as shown by the dominance of the double negative matu-
ration stage and the scarceness of single positive cells (see Fig. 5D).
It is also observed that among the few single positive cells there
are more CD8+ than CD4+ cells due to the fact that these two cell
surface markers are not fully synchronized during transition from
double negative to double positive stage, but CD4 up-regulation is
alittle delayed compared to CD8 (Jimenez et al. 2001; Pearse 2006).

Conclusion

Our data obtained in an ex vivo murine test system with human
relevance prove that if the Wnt/beta-catenin signaling pathway is
blocked in epithelial cells during crucial stages of thymic embryonic
development, it seriously impairs normal developmental program
resulting in the formation of aberrant thymic lobe morphology. This
is also supported by changes recorded at the molecular level as we
have observed the consequent, though moderate down-regulation
of the examined characteristic genes encoding surface (MHCII),
intracellular (FoxN1) and secreted (IL7) molecules. This is in con-
trast with the significant increase in expression level of the same
genes following treatment with additional Wnt4.

Our results obtained during ex vivo experiments confirm that
the Wnt/beta-catenin signaling pathway is a key player respon-
sible for the proper differentiation and maintenance of thymic
epithelial cells during embryonic development and potentially
in postnatal life. Literature data also suggest that if in vivo the
Wnt/b-catenin signaling pathway is either chronically suppressed
or hyper-activated both may lead to abnormal tissue homeostasis
due to insufficient proliferation signals of tissue stem cells (Wnt-
suppression) or due to hyper-proliferating and thus exhausted
tissue stem cell pools (Wnt-hyper-activation) (DeCarolis et al.
2008; Miller 2007; Liu et al. 2007). This proposes that the Wnt/b-
catenin signaling pathway has a major role not only in development
but also in tissue homeostasis.

It is also clearly indicated by our data that active Wnt/beta-
catenin signaling is also required for normal embryonic thymic
epithelial functionality and not only morphology as demonstrated
by the severely impaired capacity to support thymocyte matura-
tion following selective ICAT-transfection into thymic epithelial
cells ex vivo. The simultaneously observed thymic cyst formation is
an exciting phenomenon. It has been reported that following K14-
restricted loss of FOxN1 expression, the development of the thymic
structure is seriously impaired resulting in distant alveolar-like cys-
tic structures suggesting potential trans-differentiation (Guo et al.

2011). Further studies, however, are required to study the exact
mechanisms underlying the alternative developmental scenario
resulting aberrant lobe morphology following the selective inhi-
bition of the Wnt/beta-catenin pathway in thymic epithelial cells.
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Exercise initiates systemic adaptation to promote health and prevent various lifestyle-
related chronic diseases. Emerging evidence suggests that circulating exosomes
mediate some of the beneficial effects of exercise via the transfer of microRNAs between
tissues. Yet to date, a comprehensive profile of the exosomal miRNA (exomiR) content
released following short-term (0.5 year in this study) and long-term (25 + years in
this study) regular bouts of exercise is still lacking. However, a better understanding
of these miIRNA species would assist in clarifying the role of regular exercise at the
molecular level in the prevention of chronic diseases. In the present pilot studies we
analyzed serum exomiR expression in healthy young, sedentary participants (n = 14;
age: 23 + 2 years) at baseline and following a half year-long moderate-intensity regular
exercise training. We also analyzed serum exomiR expression in older, healthy trained
participants (seniors, n = 11; age: 62 + 6 years) who engaged in endurance activities
for at least 25 years. Following the isolation and enrichment of serum exosomes
using Total Exosome Isolation Reagent (TEI) their exomiR levels were determined using
the amplification-free Nanostring platform. Hierarchical cluster analysis revealed that
the majority of exomiRs overlap for short-term (0.5 year in this study) and long-term
(25 + years in this study) regular bouts of exercise. The top 12 significantly altered
exomiRs (let-7a-5p; let-7g-5p; MiR-130a-3p; MiR-142-3p; miR-150-5p; MiR-15a-5p;
miR-15b-5p; mMiR-199a-3p; miR-199b-3p; MiR-223-3p; miR-23a-3p, and miR-451a-
3p) were used for further evaluation. According to KEGG pathway analysis a large
portion of the exomiRs target chronic diseases including cancer, neurodegenerative and
metabolic diseases, and viral infections. Our results provide evidence that exosomal
miRNA modulation is the molecular mechanism through which regular exercise prevents
various chronic diseases. The possibility of using such exomiRs to target diseases is
of great interest. While further validation is needed, our comprehensive exomiR study
presents, for the first time, the disease-preventive molecular pattern of both short and
long-term regular exercise.
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INTRODUCTION

Regular exercise has been known as a major intervention tool
not only to attenuate the risk of a multitude of disorders
from metabolic disease and neurodegenerative disorders to
cancer, but also to delay the occurrence of numerous age-
related diseases (Brahmer et al., 2019). While most molecular
mechanisms mediating the long-term beneficial effects of exercise
remain unexplored, growing evidence suggests the involvement
of tissue crosstalk via the release of exosomes following exercise
(Frithbeis et al., 2015; Estébanez et al., 2021). Exosomes are
small extracellular vesicles (SEVs) (30-150 nm) that are secreted
by fusion of multivesicular bodies to the plasma membrane
(Brennan et al., 2020). These vesicles transport a large variety
of cargo molecules including miRNAs, DNA and proteins
that may be taken up by distant cell types and alter the
phenotype of these recipients (Kowal et al., 2014). Since miRNA
species are well recognized for playing important roles in
many physiological and pathological processes, they could also
be involved in exercise-related benefits of disease prevention.
Deciphering the contribution of miRNAs present in exercise-
derived exosomes and their downstream targets is crucial for the
better comprehension of how preventive lifestyle actually acts
at the molecular level. According to a study, the expression of
certain circulating miRNA species increases with age in plasma
microvesicles (Rani et al., 2017). Of notable example, hsa-miR-
223-3p, hsa-miR-23a-3p, hsa-let-7g-5p, hsa-miR-199a-5p, hsa-
miR-15a-5p, and has-miR-142-3p show positive correlation with
age and the development of specific chronic diseases (Rani
et al., 2017). Recently it has been shown that healthy aging
is also reflected by the profile of circulating exosomes, and
exercise—induced beneficial effects may be related with the
modulation of these exosomes (Bertoldi et al., 2018). There
are reports indicating the changes of various miRNA species
in exosomes following an acute of exercise (Dsouza et al.,
2018; Yin et al, 2019), however only a small number of
studies examine exosomes in response to long-term training
(Nederveen et al., 2021). Of note, in a mammalian study the
levels of miR—19b, miR—148a, miR—150, miR—221, miR—361,
and miR—486 were up-regulated during the first month of
exercise, but returned to baseline by completion of a 4—month
study period (Muroya et al., 2015). Regarding long-term human
experiments, a significant increase in exosome release was shown
after a single bout of flywheel exercise (Annibalini et al., 2019),
whereas no change was found after a full year of rowing training
(Hou et al., 2019). These conflicting results could potentially
be attributed to the adaptation process that occurs with time.
Additional research is crucial with various training modalities
and durations to further understand the role of exosomes and
their miRNA content in the prevention of chronic diseases
induced by long-term exercise. In the present study first we
investigated the effect of a 0.5 year-long, moderate intensity,
personal trainer-supervised, concurrent resistance and aerobic
training program on the overall circulating exomiRs expression
profile of healthy, young, previously sedentary individuals. We
also assessed whether exomiRs differentially expressed after a 0.5
year regular exercise in young adults were similarly present in

healthy senior trained participants who have engaged in regular
exercise activities for at least 25 years. The effect of short- and
long-term regular exercise on the miRNA profile was determined
by comparing baseline vs. 0.5 year, and baseline vs. 25 + years
miRNA levels. As anticipated we found that the levels of the
exomiRs are fairly consistent in comparison of the 0.5 year (short-
term adaptation) and the 25 + years (long-term adaptation) active
groups. Twelve exomiRs showed overlap for both study periods
(baseline vs. 0.5 year and baseline vs. 25 + years). Of note, all of
them were significantly down-regulated. Bioinformatics analysis
was used to evaluate the interplay between biological signaling
pathways offering insight into mechanisms linking exercise and
chronic disease prevention. Our results prove that full miRNome
analysis might be a useful tool to identify exomiRs acting on
particular pathways that prevent the development of specific
chronic diseases.

MATERIALS AND METHODS

Participants and Applied Training

Protocol

Healthy young, sedentary (n = 14; age: 23 & 2 years) and senior
trained (n = 11; age: 62 £ 6 years) individuals were recruited.
Participants were in good general health, defined as having
no chronic diseases (e.g., metabolic disorders, cardiovascular
disease, cancer, etc.). Main characteristics of the subjects are
summarized in Table 1 (see Supplementary Material for
further details). Healthy, young sedentary individuals completed
moderate-intensity, concurrent resistance and aerobic exercises
regular exercise training three times a week for half a year
(Garai et al,, 2019). Our exercise bouts consisted of four parts:
warm-up, resistance training, aerobic exercises and cool-down
with stretching. The heart rate of the participants was measured
continuously during exercise with a heart rate monitor (Polar
Team System, Polar Electro, Finland). Age-predicted maximum
heart rates were estimated with the following calculation: 220—
age (years). Every trainings began with standardized, active
warm-up protocol applying mobility and stability exercises,
gymnastic exercises and moderate stretching. After warming-up
resistance training was performed. During this part the heart
rate of the subjects was allowed to reach 85% of individual heart
rate maximum. Aerobic exercises included walking and jogging,
if the subject’s heart rate was lower than 65% of the individual
heart rate maximum. The cool-down protocol included 2 min of
slow walking and 8 min of static stretching exercises of all major
muscle groups. Participants were asked to keep their diet and
daily activity level unchanged during the 6 month-long lifestyle
program. Training diary was prepared during the 6 months and
compliance was calculated accordingly.

Senior trained subjects were engaged in regular exercise
activities for at least 25 years. The exercise behavior of senior
participants was assessed with the use of a general lifestyle
questionnaire as well as with the International Physical Activity
Questionnaire (IPAQ) (Craig et al., 2003). We obtained
information on smoking-, alcohol consumption status and
physical activity (frequency, type, duration). Senior trained
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participants also performed both types of exercise (endurance
and resistance training), including running, swimming,
weightlifting, cycling, skating, adrenaline sports, walking,
hiking and spinning. Over half (54%) of the senior participants
performed physical activity on a daily basis, while the rest
performed physical activity at least twice a week. For details
please check the Supplementary Material Section. Each
participant gave written informed consent before completing
any data collection. The study was conducted according to the
Declaration of Helsinki principles and approved by the Regional
and Local Ethics Committee of Clinical Center, University of
Pecs (ref. no.: 6439/2016 and 7755/2019).

Collection and Preparation of Human
Serum Samples

Human blood samples were collected around 7:00 a.m. after a
12 h fasting in blood collection tubes (BD Vacutainer, SST: BD
SST Tubes with Silica Clot Activator and Polymer Gel, Franklin
Lakes, NJ, United States) at two time-points: at baseline and after
the 0.5 year long training program from the young individuals
and at one time-point from seniors. Participants were asked to
avoid excessive exercise the day before each testing condition.
Blood samples were clotted for approximately 30 min at room
temperature. Samples were then centrifuged at 1,500 g for 10 min
at room temperature. Serum samples were stored at —80°C until
further analysis. The same procedure was carried out with the
samples of seniors.

Exosome Isolation

In order for their samples to be processed participants had to
show min. 85% compliance with regular exercise mandated by
the program. Before exosome isolation, equal volumes of serum
(100 1 each) from 14 healthy young participants and 11 seniors
were pooled, separately (Figure 1). Prior to pooling we have
carefully evaluated the participants for potential outliers based on
the assessment of physiological and blood parameters. Only those
participants’ samples were pooled who constituted a homogenous
population for the evaluated physiological and blood parameters
(baseline, 0.5 year, 25 + years). Then, exosomes were isolated

from the three pooled serum samples (baseline; n = 1, 0.5
year; n = 1 and 25 + years; n = 1 pooled samples) using TEI
(from serum) (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, United States) following the manufacturer’s protocol. TEI
reagents contain volume-excluding polymers (e.g., polyethylene
glycol, dextrans, or polyvinyls). According to Andreu et al. (2016)
and Banfai et al. (2019), the use of precipitation reagents provide
good reproducibility and are suitable for an easy and cost-
efficient enrichment of serum exosomes for miRNA analyses.
As a result TEI was chosen for studying exosomal miRNA
content in our study.

NTA Measurement With Nanosight

NS300

NTA Protocol

Exosome-enriched preparations were measured and quantified
using Nanosight NS300 instrument (Malvern Panalytical Ltd.,
Malvern, United Kingdom). The camera level for each sample
was manually adjusted to achieve optimal visualization of
particles following the manufacturer’s instructions. Samples
were injected with a syringe pump (infuse = 50). Detection
threshold was set for maximum sensitivity with a minimum of
background noise. All measurements were performed in five
replicates for each sample, collecting 60-s videos. Following
capture, the videos were analyzed by the in-built NTA v3.2
software (Gardiner et al., 2013).

Particle Size and Concentration Analysis

The samples of 3 individuals were randomly chosen from each
group (baseline, n = 3; 0.5 year, n = 3; and 25 + years, n = 3). All
samples were diluted in PBS. Ideal measurement concentrations
were achieved by pre-testing the ideal particle per frame value
(40-100 particles/frame).

Single EV Direct Inmunolabeling and NTA Evaluation
The following monoclonal antibodies were used for immune-
labeling:  anti-human-CD63-FITC  (MEM-259) (Thermo
Fisher Scientific) anti-human-CD81-PE/Cy7 (TAPA-1) (Sony
Biotechnology). Particle concentrations were established
for unlabeled EV sample prior to immune-labeling. The

TABLE 1 | Subject characteristics.

Baseline 0.5 years P 25 + years
Age (years) 23+ 2 235+ 2 62+ 6
BMI 21.64 £ 1.57 21.46 + 1.44 0.382 27.92 £2.95
Body weight (kg) 60.39 + 5.42 59.55 + 5.74 0.166 75.16 £7.18
Body fat percentage (%) 31.79 + 3.39 31.49 + 3.47 0.61 21.23 + 6.03
VO, max (ml/kg/min) 36.41 + 6.67 39.81 + 6.20% 0.047 32.9 + 6.99
LDL (mmol/L) 2.35+0.9 2.44 +0.83 0.481 3.63+1.19
HDL (mmol/L) 1.81 £0.55 213+ 0.61% 0.002 1.68 £ 0.53
Glucose (mmol/L) 4.94 +0.39 4.63 £ 0.31 % * <0.001 5.67 +£0.45
Systolic BP (Hgmm) 114.5 £ 14.18 108.07 £+ 8.69 0.55 131.2 £ 19.42
Diastolic BP (Hgmm) 76.07 £ 9.19 72.93 +7.92 0.223 87.00 + 9.25

Values are expressed as mean + SD. Paired t-test (*p < 0.05; *p < 0.001); p-values were calculated for baseline vs. 0.5 year as applicable; VO, max, maximal oxygen
uptake (cardiorespiratory fitness); LDL, Low Density Lipoprotein;, HDL, High Density Lipoprotein; BRF, Blood Pressure.
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FIGURE 1 | Workflow. Flowchart representing the entire workflow.
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concentration of the exosome stock solution was 3.17 x 10%0
particles/ml (based on NTA). Sample aliquots were prepared to
ensure equal dilution effects for each arm of the experiment.
Varying concentration anti-CD63 and anti-CD81 antibodies was
added to the 50 pl exosome stock solution to yield a volume of
100 pl and to determine an optimized antibody to exosome ratio
for single-vesicle labeling. The samples (anti-CD63 labeled; n = 1
and anti-CD81 labeled; n = 1) were incubated in the dark for
1 h at room temperature. In order to minimize photobleaching
during fluorescence mode (FM), all immune-labeled samples
were evaluated first in FM, followed immediately by evaluation
in light scatter mode (LSM). Then, the FM/LSM percentage was
calculated (Thane et al., 2019).

Transmission Electron Microscopy (TEM)
Exosomes were visualized by transmission electron microscopy.
Sample volume of 2.5 pl was placed onto a 300 mesh grid. The
grid was left to air dry overnight. Then 5% uranyl-acetate and
later 3% sodium-citrate were added to the grid. After 5 min
incubation, the grid was allowed to air dry. Twenty four hours
later the grid was analyzed using JEOL TEM 1,200 EX. The
average diameter of the isolated exosomes was determined using
three independent TEM preparations and Image] software.

Exosomal Total RNA Purification and
Complete miRNome Profiling

Total RNA from exosomes was extracted using Total Exosome
RNA and Protein Isolation Kit (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, United States) according to the
manufacturer’s protocol. ExomiR level profiling was performed
using the Nanostring platform (NanoString Technologies, Seattle,
WA) according to the manufacturer’s instructions to analyze 800
human miRNAs. Since the extraction of exosomal miRNA yields
low amounts of RNA, but amplification-free methods require
high amounts, we adopted the standard method of using pooled
samples to yield reproducible reads. Three technical replicates
were run per sample (baseline; 0.5 year and 25 + years groups).
Quality check confirmed the reliability of the run and also the
validity and reproducibility of the miRNA screening protocol.
nSolver software was used for data analysis and normalization.
Normalization was performed using the Housekeeping method
according to nCounter miRNA expression analysis in plasma
and serum samples technote instructions. Briefly, NormFinder
was used to identify putative housekeeping miRNAs. First, raw
data (RCC files) were imported into nSolver and any sample
which failed QC was removed. An experiment was built and
background subtraction was set to the Mean + 1 SD of the NEG
control probes. Of note, we kept normalization options turned oft
during this process. Data from the completed experiment were
exported into an excel file derived from the normalized dataset.
Using NormFinder background subtracted data were sorted by
average counts across all samples, and all miRNAs expressed
below 50 mean counts were deleted when averaged across all
samples. NormFinder created a worksheet listing all the genes
and a stability value for each of them. With the aid of NormFinder
the potential housekeepers with the most stringent stability values

were identified. After that we have applied normalization using
the geometric mean of five stably expressed miRNAs (hsa-miR-
495-3p; hsa-miR-302d-3p; hsa-miR-3144-3p; hsa-miR-612; hsa-
miR-548ar-5p) (Andersen et al., 2004). Quality Control fulfilled
all the requirements set by the manufacturer.

Statistical Analysis

All statistical analyses were performed with R (R Core Team,
2019). Paired t-tests (baseline vs. 0.5 year) and t-tests (baseline
vs. 25 + years; 0.5 year vs. 25 + years) were used. We adjusted
the P-values due to the multiple comparisons therefore False
Discovery Rate (FDR) correction was also applied. Heatmap was
created in R with the help of “heatmap.2” function from g-plots
package (Bolker et al., 2020).

miRNA Target Prediction and Pathway
Analysis

After identifying a dozen similarly expressed exomiRs in the
active young and senior groups, miRNA—mRNA signaling
pathway interaction analysis was performed. Briefly, online
available software mirPath v.3 was used for this purpose (Vlachos
et al., 2015). Human database of the mirPath v.3 and the TarBase
v7.0 were used for mRNA target prediction. P-value and MicroT
thresholds were kept as default, 0.05 and 0.8, respectively. False
discovery rate (FDR) correction was applied.

ExomiRs as Biomarkers of Chronic

Disease

The exomiR biomarkers related to certain types of chronic
diseases were screened through the EVmiRNA database' (Liu
et al,, 2019). Studies were included if they were original research
and evaluated the exomiR levels in a specific disease.

RESULTS

Anthropometric and Physiological

Parameters

The study comprised 14 healthy, young, previously inactive
and 11 senior trained participants. Healthy, young sedentary
individuals completed moderate-intensity regular exercise
training three times a week for half a year. Senior subjects have
done regular exercise for at least 25 years. Participant parameters
are listed in Table 1. After half a year of regular exercise,
the previously inactive young individuals showed significant
improvement in cardiorespiratory fitness (VO,;max), glucose
and lipid metabolism. All physiological parameters of senior
trained participants were within a normal range. For them, the
VO;,max values were far better than the age-matched reference
range (Supplementary Material).

Validation of Isolated Exosomes
Exosomes were isolated from blood serum samples and obtained
from study participants, as described in section “Materials and

'http://bioinfo.life.hust.edu.cn/EVmMiRNA
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Methods.” The purified exosomes were characterized using TEM,
a gold-standard technique for nanoparticle validation (Kestens
et al., 2017). Our TEM analysis showed typical exosomal round
morphology (Figure 2A). Nanoparticle Tracking Analysis (NTA)
allowed us to obtain the size distribution of EVs and estimate
particle concentration. The mean size of particles (n = 9) was
143.2 £ 16.43 nm, which falls into the size range of exosomes
(Brennan et al., 2020), confirming that the purified EVs contained
exosomes (Figure 2B; see Supplementary Material for further
details). Exosome concentrations in our preparations (n = 9)
ranged from 1.97 x 10'° to 3.75 x 101 particles/ml. For details
please see the Supplementary Material section. Immune-labeled
EV sample was evaluated using NTA in FM and LSM modes. The
FM:LSM percentage was 83.87% for of CD63. With the CD81-
labeled sample, the FM:LSM percentage was 76.95% (Figure 2C;
please also refer Supplementary Videos).

The Expression Patterns of exomiRs
After 0.5 Year of Regular Exercise

In order to study regular exercise-related changes in serum
exomiR expression, we used amplification-free Nanostring
technology. The effect of regular exercise on circulating exomiRs
was assessed by comparing baseline (inactive status) and active
status (after 0.5 year of regular exercise) expression levels. After
analyzing and normalizing raw data, we identified 54 exomiRs
(Figure 3). Then, we applied filtering criteria to differentiate
baseline vs. 0.5 year results (*p < 0.05; #FDR < 0.05; FC > 1.3
or FC < 0.5). Through this analysis, we have observed significant
differences in exomiR abundance for several exomiRs (let-7a-5p,
p < 0.05; let-7g-5p, p < 0.05; miR-130a-3p, FDR < 0.05; miR-
142-3p, p < 0.05; miR-150-5p, p < 0.05; miR-15a-5p, p < 0.05;
miR-15b-5p, FDR < 0.05; miR-199a-3p, FDR < 0.05; miR-
199b-3p, FDR < 0.05; miR-223-3p, FDR < 0.05; miR-23a-3p,
FDR < 0.05; miR-451a-3p, FDR < 0.05; miR-126-3p, p < 0.05;
miR-199a-5p, p < 0.05; miR-21-5p, FDR < 0.05; miR-25-3p,
p < 0.05; miR-374a-5p, p < 0.05) (for further details please refer
to Supplementary Material) (ArrayExpress accession number:
E-MTAB-10067).

ExomiR Overlap of the 0.5 Year- and the
25 + Years of Exercise Groups

Going further we then wished to assess whether exomiRs
differentially expressed after 0.5 year of regular exercise were
similarly expressed in healthy senior trained participants who
engaged in endurance activities for at least 25 years. Therefore,
using Nanostring technology we examined the miRNA copy
numbers in 11 trained senior individuals focusing on the levels
of serum exomiRs. Then, we utilized a hierarchical clustering
method to compare circulating exomiR profiles at baseline, after
0.5 year and 25 + years of exercise. As shown by Figure 3, the
0.5 year and 25 + years group share an exomiR expression profile
that is completely different from that of the sedentary group.
In contrast, the 0.5 year and 25 + years active groups showed
a highly similar exomiR expression pattern. In addition, 12
exomiRs (let-7a-5p; let-7g-5p; miR-130a-3p; miR-142-3p; miR-
150-5p; miR-15a-5p; miR-15b-5p; miR-199a-3p; miR-199b-3p;

FIGURE 2 | Characterization of exosome-enriched preparations isolated from
human serum. (A) Transmission electron microscope (TEM) image of
exosomes purified from human serum samples (Scale bar: 200 nm).

(B) Analysis of EV size distribution and concentration in exosome-enriched
preparations using a NanoSight NS300 instrument. (C) Evaluation of CD63
and CD81 surface expression abundance in exosome-enriched preparations
using a NanoSight NS300 instrument.

miR-223-3p; miR-23a-3p, and miR-451a-3p) showed overlap
between the two tested signatures (baseline vs. 0.5 year and
baseline vs. 25 + years) (Supplementary Material). Notably,
all 12 exomiRs were significantly down-regulated both in the
0.5 year and the 25 + years trained groups as compared to
the sedentary group. Having performed a detailed comparison
of the 0.5 year vs. 25 + years trained group profiles, miR-
411-5p (p < 0.05; FC = 0.879) and miR-144-3p (FC = 1.322)
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FIGURE 3 | Differential expression of circulating exomiRs. Heatmap with dendrogram shows clustering results for 54 exomiRs at baseline (0), after 0.5 year and
25 + years of regular exercise. Colors represent the level of exomiR expression; red: high expression; blue: low expression.

showed remarkably different expression. Specifically, miR-411-
5p was significantly down-regulated, while miR-144-3p was up-
regulated in the 25 + years trained group.

Pathway Analysis

To better understand how these exomiRs may contribute to
the health benefits of exercise, we examined the mRNA targets
of the 12 similarly expressed exomiRs of the 0.5 year and
25 + year trained groups. Then, to reveal the top targeted
pathways associated with each exomiRs, KEGG database analysis
was used. We found that 38 KEGG signaling pathways were
significantly affected by the 12 selected exomiRs (Figure 4B). Of
these Pathways in cancer (hsa05200) had the largest number of

targeted mRNAs (148 genes) (Figure 4A). The 148 genes were
targeted by four differentially expressed exomiRs (let-7a-5p; let-
7g-5p; miR-15b-5p; miR-23a-3p). These findings are consistent
with the fact that regular exercise is associated with reduced risk
of cancer development. Going further, most exomiRs targeted
proteoglycans in cancer pathways (nine exomiRs) and let-7g-5p
appeared to affect the most pathways (26 pathways) (for details
see Supplementary Material 2).

ExomiRs as Biomarkers of Chronic

Diseases
exomiR biomarkers related to specific diseases were evaluated
using an EVmiRNA database. It is the first concise database
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FIGURE 4 | Pathways targeted by the 12 similarly expressed exomiRs in the active young and active senior group. (A) Number of genes targeted within each
pathways ranked based on high to low. (B) The 12 similarly expressed exomiRs in the active young and active senior group regulate 38 signaling pathways in total.

focusing on miRNA expression profiles in EVs (Liu et al., 2019).
Several studies have reported the aberrant expression of the 12
identified exomiRs in various chronic diseases (as summarized
by Table 2).

DISCUSSION

Regular exercise has a beneficial role in preventing a number
of chronic diseases. This is primarily due to the fact that
regular exercise acts at a systemic level (Anderson and
Durstine, 2019). However, a gap remains between identifying
in detail the molecular mechanisms induced by exercise
and the observed potential benefits in health (Sanford
et al, 2020). A better understanding of these biological
processes and pathways could allow for the development
of targeted exercise intervention and also provide basis for
developing exercise-mimetic molecular level interventions
(Sanford et al., 2020).

Therefore, in the present study we examined, for the
first time, the effect of short-term (0.5 year in this study)
and long-term (25 + years in this study) regular exercise
on global circulating exomiR profile. To the best of our
knowledge, this is the first study to use an amplification-
free platform (Nanostring) to determine the miRNA expression
profile of exercise-derived exosomes as most studies of the
field evaluate specific miRNA species by amplification-based
RT-qPCR (Estébanez et al., 2021). The technology applied in
the current study is not only amplification-free, but also a
sensitive, robust and reproducible state-of-the-art method (Hong
et al,, 2021). Exosomal miRNA analysis showed a significant
number of differentially expressed exosomal miRNAs in all group
comparisons. Comparing the miRNAs enriched or depleted in
both groups (0.5 year and 25 + years), we have identified 12

similarly regulated exomiRs in the young and senior trained
groups as compared to the sedentary group as shown by Figure 3
(for details please refer to Supplementary Material). The KEGG
pathway analysis of similarly expressed serum-derived exomiRs
confirmed their involvement in pathways related to cancer
development affecting TGF-beta, p53 and mTOR signaling. In
support of our observations, physical activity has been shown
to be associated with lower cancer risks (Li et al., 2020).
Moreover, the overall cancer incidence is lower in athletes than
in the general population (Sormunen et al., 2014). Recently, a
number of studies have indicated that certain exosomal miRNA
species (Table 2), can be used as biomarkers of cancer and
other chronic diseases (references of the studies are listed
in Table 2).

An elevated expression level of miR-23a has been identified
in the serum of various types of human cancer, including
breast, gastric, pancreatic, and esophageal squamous cell
carcinoma (Wang et al, 2019). Further analysis showed
that miR-23a travels as exosomal cargo, and circulating
exosomal miR-23a is up-regulated in the serum of early
stage colorectal cancer patients (Yong et al, 2013). As a
robust cellular regulator of gene expression, miR-23a targets
a broad range of mRNA species in cancer cells by directly
binding to their three prime untranslated regions (3’-UTR),
which in turn suppresses gene expression (Wang et al,
2019). For example, the up-regulation of miR-23a in gastric
cancer promotes cell proliferation and inhibits apoptosis
(Hua et al, 2018). Zhu et al. (2010) suggested that miR-23a
can target IL6R in gastric adenocarcinoma thus encouraging
the proliferation of tumor cells. Based on literature data,
the inhibition of miR-23a by antisense oligonucleotide
inhibits proliferation and promotes the apoptosis of gastric
adenocarcinoma cells (Liu et al., 2014). Its biological functions
encompass drug resistance, metastasis formation and cancer
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TABLE 2 | Summary of exomiR biomarkers related to certain diseases according to EVmIRNA database.

miRNA species

Affected age-related chronic disease, autoimmune condition or infection

References

hsa-let-7a-5p

hsa-let-7g-5p

hsa-miR-130a-3p

hsa-miR-142-3p

hsa-miR-150-5p

hsa-miR-15a-5p

hsa-miR-15b-5p

hsa-miR-199a/b-3p

hsa-miR-223-3p

hsa-miR-23a-3p

hsa-miR-451a

Colorectal-, renal-, prostate-, ovarian-, breast-, lung-, pancreas-, gastric-, esophageal-, thyriod cancer,
Ewing’s and Kaposi’s sarcoma, glioblastoma, AML and MML; metastasis formation; cell cycle control;
inflammation; diabetes; cardiovascular disease; hepatitis B infection

Breast-, esophageal-, lung cancer, glioblastoma, AML and CML; graft-vs.-host disease; inflammation;
autoimmune thyroid disease; cell cycle control; diabetes; cardiovascular disease; metabolic syndrome;
hepatitis B and influenza A infection

Lung-, liver-, prostate-, ovarian-, breast-, cervical-, nasopharyngeal-, prostate cancer, myeloma, CML
and glioblastoma; cardiovascular disease; fibrosis; inflammation; autophagy; diabetes; Crohn’s disease;
hepatitis C infection; cardiac arrhythmia; renal GBM disease; UV damage

Liver-, lung-, colorectal-, breast-, cervical-, esophageal cancer, osteosarcoma, prolactinoma, ALL, AML,
CLL and MALT lymphoma; graft rejection; Hashimoto’s thyroiditis; multiple sclerosis; cardiovascular
disease; inflammation; rotavirus infection; Alzheimer’s disease; fibrosis

Colorectal-, lung-, liver-, prostate-, cervical-, pancreas-, breast-, ovarian-, esophageal cancer,
osteosarcoma, glioblastoma, melanoma; Burkitt lymphoma, ALL and MML; inflammation;
cardiovascular disease; fibrosis; irritable bowel syndrome; myasthenia; diabetes; SLE; psoriasis
Gastric-, colorectal-, lung-, breast-, liver-, ovarian-, prostate cancer, melanoma, osteosarcoma,
neuroblastoma, pheochromocytoma, AML, CLL and multiple myeloma; inflammation; cell cycle control;
apoptosis induction; autophagy; multiple sclerosis; hepatitis B infection; fibrosis; diabetes

Liver-, gastric-, lung-, liver-, pancreas-, ovarian-, squamous cell cancer, glioblastoma, melanoma, CLL
and thymoma; apoptosis induction; metastasis formation; angiogenesis; fibrosis; bipolar disorder;
insulin-resistance; skin photoaging; multiple sclerosis; diabetes

Liver-, gastric-, lung-, renal cell-, ovarian-, pancreas-, colorectal, liver-, breast-, testicular germ cell-,
thyroid-, colorectal cancer, endometriosis, glioblastoma, CLL, melanoma, chondrosarcoma and
osteosarcoma; osteoarthritis; COPD; autophagy; angiogenesis; HCV infection; inflammation

Ovarian-, gastric-, colorectal-, prostate-, pancreas-, lung-, liver cancer, CLL, AML, ALL, glioblastoma
and osteosarcoma; metastasis formation graft rejection; inflammation; osteoarthritis; lipid metabolism;
obesity; rheumatoid arthritis; psoriasis; cardiovascular disease; diabetes; COPD; Alzheimer’s disease
Gastric-, colorectal-, esophageal-, liver-, renal-, breast-, prostate-, pancreas-, lung-, laryngeal-, lung
cancer, CML, AML, Burkitt lymhoma, melanoma, osteosarcoma and endometriosis; retinal
degeneration; UV damage; apoptosis induction; autophagy; progeria; osteoarthritis; obesity

Lung-, colorectal-, breast-, skin-, bladder-, gastric-, renal-, esophageal-, thyroid-, liver cancer, T-ALL,
AML, CML, multiple myeloma, endometriosis, prolactinoma, osteosarcoma and glioblastoma; drug

lliopoulos et al., 2009; Trang et al.,
2010; Lee et al., 2011

Arora et al., 2011; Wang et al.,
2013; Biamonte et al., 2019

Osbourne et al., 2014; Huang et al.,
2015; Eichelmann et al., 2018

Ma et al., 2016; Sukma Dewi et al.,
2017; Wang et al., 2017

Roderburg et al., 2013; Qu et al.,
2014; Yu et al., 2015

Xia et al., 2008; Bandi et al., 2009;
Sun et al.,, 2013

Zhang et al., 2015; Li et al., 2016;
Maclean et al., 2016

Lietal, 2015

Wong et al., 2008; Filkova et al.,
2014; Lunavat et al., 2015

Wang et al., 2014; Yang et al., 2014;
Zheng et al., 2014

Lopotova et al., 2011; Song et al.,
2014; Riquelme et al., 2016

transporters; cell cycle; metastasis formation; angiogenesis; rheumatoid arthritis; cardiomyopathy

progression, suggesting its potential role as an emerging
targetable entity in cancer treatment (Wang et al, 2019).
Of note, miR23a shows natural correlation with age, partly
explaining the correlation of the above cancers with senior age
(Rani et al., 2017).

Exosomal miR-45la was highly expressed in non-small-
cell lung carcinoma patients (NSCLC) compared to healthy
individuals. This miRNA was strongly associated with tumor
progression, recurrence, and poor prognosis in NSCLC patients.
According to literature data, it may serve as a potential
predictive biomarker for NSCLC (Kanaoka et al, 2018).
Zhu et al. (2014) also found that miR-451 levels were
consistently elevated in the plasma of patients with gastric
cancer providing high diagnostic accuracy for early stage gastric
adenocarcinoma. To date, numerous genes have been confirmed
as actual targets of miR-451, covering multiple biological
signaling pathways including apoptosis, cell invasion and
migration, cell proliferation and angiogenesis. Taken together,
an accumulating body of evidence indicates that miR-451 is
a potential biomarker for cancer diagnosis and prognosis,
possibly a treatment target in combination with established drugs
(Bai and Wu, 2019).

Exosomal miR-223-3p level in the serum of patients with
breast cancer was significantly higher in comparison with healthy
controls (Yoshikawa et al,, 2018). Its expression was tightly
associated with the malignancy of breast cancer, suggesting
that exosomal miR-223-3p might be a useful biomarker for
the early detection of invasive breast cancer. Of further
note, miR223-3p also shows correlation with the advance of
age, and these cancers are known to emerge at senior age
(Rani et al., 2017).

Elevated expression of miR-150-5p has been shown in breast
cancer (BC), described as a good prognostic biomarker for
patients with HER2-positive BC (Ozawa et al., 2020).

Exercise was shown to modulate the expression of several
miRNA species that in turn are protective against cancer
(Li et al, 2020; Pulliero et al, 2020). In our report we
demonstrate this modulation observed after both short-term
(0.5 year) and long-term (25 + years) regular exercise since
our miR-23a, 451a, 223-3p, and miR-150-5p were all suppressed
emphasizing the role of exercise in the prevention of several
cancer entities. Nevertheless, data on exercise-derived exosomal
miRNA species in modulating cancer prevention is still in its
infancy (Pulliero et al., 2020). Therefore, elaborate research effort
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is required to reveal the role of exosomal miRNA species in this
particular field.

The deregulation of miRNA species described in conjunction
with other chronic diseases has also been observed in our study.
According to our results, regular exercise altered the levels of
miR-15a and miR-142 in the opposite direction as observed in
patients with diabetes and neurodegenerative disease, supporting
that regular exercise (either short- or long-term) reduces the risk
of developing such chronic diseases. In more detail, miR-15a
was shown to be elevated in the plasma of diabetic patients also
showing correlation with disease severity (Kamalden et al., 2017).
Xiong et al. (2020) demonstrated that miR-15a-3p is up-regulated
in exosomes of diabetic patients, and impairs wound healing.
When miR-15a-3p was knocked down and such exosomes were
utilized later on, their negative effects on the metabolism and
wound healing in particular were partially reversed both in vitro
and in vivo (Xiong et al., 2020).

Barbagallo et al. (2020) isolated exosomal miRNA from the
serum of 30 Parkinson disease (PD) patients and compared it
with that of 30 healthy controls. The expression levels of ex-
miR-23a; ex-miR-142-3p were significantly elevated in the serum
of PD patients, unlike in our study where miR-142 showed a
decrease in expression compared to healthy, but sedentary state
(Barbagallo et al., 2020). Previous studies have also reported
the benefits of physical exercise in improving the symptoms in
individuals with PD (Da Silva et al., 2021). Taken together these
reports suggest the protective role of miR-142-3p in PD, though
further studies are required.

Taken together, the miRNAs that we have observed to be
modulated by both short and long-term exercise are mostly
involved in cancer prevention mechanisms including tumor
suppression (miR-223-3p; miR-451a; miR-15a/b-5p; let-7a/7g-
5p) (Wang et al, 2016; Gao et al, 2011), aging (miR-223-
3p; miR-451a; miR-15a/b-5p; miR-23a-3p) (Mercken et al,
2013; Teteloshvili et al., 2015), induction of apoptosis (miR-
150-5p; miR-15a/b-5p; miR-130a-3p) (Xu et al., 2014; Wang
et al, 2015) and reduction of inflammation (miR-199a/b-
3p; miR-142-3p) (Cai et al,, 2012). In addition, the inverse
deregulation of miR-15a characteristic to diabetes, and miR-
142 featured in Parkinson’s disease has also been recorded
in our study. Potential applications target these miRNA
species to prevent the development of cancer, diabetes and
neurodegenerative disease or to be used as adjuvant therapy in
established diseases. However, to date no such experiments exist
supporting that exercise-derived exomiRs could prevent or treat
chronic diseases.

So, beyond the utility of serum-derived exomiRs as potential
biomarkers of physical fitness or chronic diseases, our work
suggests their key role in essential pathways, potentially
preventing the development of multiple chronic diseases. In
the future the evaluation of physical activity level may be
used to predict the risk of developing various chronic diseases.
Furthermore, this study is important as a starting point to
understand the global pattern of regular exercise-related exomiRs
and their target pathways in health and disease. However, the
present study must be seen as an exploratory study. Our current
pilot-study is limited by the number of biological replicates.

Therefore, further studies are required with larger sample size
to comprehensively examine the effect of regular exercise on
circulating exomiR profile.

CONCLUSION

Both short- (0.5 year) and long-term (25 + years) regular
exercise significantly alters the serum miRNA profile in
healthy individuals, potentially reducing the risk of a number
of malignant, metabolic and neurodegenerative diseases.
Combining an amplification-free miRNome profiling platform
and bioinformatics analysis, our study revealed that numerous
disease-associated exomiRs show differential expression toward a
more beneficial pattern. Physiological relevance is also supported
by the large number of genes targeted by these miRNAs. Future
work lies ahead in determining the exact mechanism of action
and the potential use of exomiRs as therapeutic tools to efficiently
prevent or successfully treat age-related diseases.
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Abstract Lentiviral technology is a powerful tool
for the creation of stable transgenic animals. How-
ever, uncertainties have remained whether constitu-
tive promoters resist long-term silencing. We used
concentrated HIV-1 based lentiviral vectors to create
stable transgenic BALB/c mice by perivitelline
injection. In our vectors eGFP expression was driven
by the human EFla promoter. The established
transgenic animals were analyzed for eGFP expres-
sion by in vivo fluorescence imaging, PCR, histology
and flow-cytometry. eGFP expression showed
even distribution without mosaicism; however, tis-
sue-dependent differences of eGFP expression were
observed. Up to the sixth generation only one
newborn showed eGFP inactivation. eGFP +
transgenic bone marrow cells efficiently provided
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long-term haemopoietic repopulation in radiation
chimeras, regenerating all bone marrow-derived lin-
eages with eGFP + cells with distinct eGFP expres-
sion profiles. The established eGFP + BALB/c
mouse strain is expected to be extremely useful in
various immunological experiments.

Keywords Balb/c - eGFP - Lentiviral transgenesis -
Bone-marrow chimeric mouse

Introduction

Lentiviral transgenesis has become an important and
efficient new tool for the establishment of transgenic
animals. The transgenic sequence most often used
for ‘proof-of-principle’-type experiments is eGFP
(enhanced green fluorescent protein). Concentrated
lentiviral vectors efficiently transfect zygotes follow-
ing perivitelline injection. With this method the
nucleus of the zygote is not affected directly, and
higher volumes may be injected with less sophisti-
cated machinery. With lentiviral vectors the effi-
ciency of stable, active transgenesis is significantly
higher than with standard pronuclear injection,
reaching 8-50% (Park 2007).

In the field of immunology a massive body of
experimental evidence is derived from studies per-
formed in mice with BALB/c genetic background
(Bleul et al. 2006; Ivanov et al. 2006; Odegaard et al.
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2007; Suzuki et al. 2006; Tezuka et al. 2007; Wing
et al. 2008). However, BALB/c mice are difficult to
manipulate by pronuclear injection, unlike the FVB/n
strain which is characterized by vigorous reproduc-
tive performance, consistently large litters and prom-
inent pronuclei facilitating the microinjection of
DNA (Taketo et al. 1991). Consequently a widely
used approach is to generate genetically modified
mice on a genetic background which facilitates
micromanipulation, and backcross the offsprings to
BALB/c background for at least ten generations. To
address this issue we sought to generate eGFP
transgenic mice directly on BALB/c background by
lentiviral transgenesis. Though eGFP is considered as
a functionally inert intracellular protein with minimal
tendency to interfere with physiological processes
both in vitro and in vivo, we wished to examine in
our system whether the presence of eGFP in the
BALB/c mouse strain interferes with immunological
processes in either central or peripheral immune
organs. To investigate integration stability and trans-
gene activity following lentiviral transgenesis as well
as possible eGFP-triggered interference with immu-
nological processes we also performed long-term in
vivo experiments involving haemopoietic stem cell
(HSC) transfer.

Results and discussion

Efficiency and transgene inheritance following
lentiviral transduction

Purified, concentrated lentiviral supernatant was used
for perivitelline injection in both BALB/c and FVB/n
mice. Toxicity of viral supernatant was low as high
percentages of injected and transferred embryos were
born with both mouse strains (60% or 12/20 with
BALB/c vs. 66% or 27/41 with FVB/n). Visual
observation of newborns for identifying eGFP +
transgenic BALB/c mice revealed uniform eGFP
expression, lacking traits of mosaicism (Fig. 1a).
The presence of integrated transgenic sequence was
verified by eGFP PCR performed on genomic DNA
and yielded similar efficiencies with both mouse
strains among newborn animals (58% or 7/12 with
BALB/c vs. 48% or 13/27 with FVB/n). The overall
efficiency of active transgenesis (ratio of visually
eGFP positive animals and initially injected zygotes)

@ Springer

was equally high in both mouse strains examined
(20% or 4/20 with BALB/c vs. 22% or 9/41 with FVB/
n). An eGFP expressing male BALB/c founder was
used to establish the transgenic line through mating
with wild type BALB/c females. Southern analysis
(Fig. 1b) and the ratio of transgenic animals in the F1
litters indicated one transgene integration site.

The presence of eGFP as a transgenic protein did not
abrogate either the macroscopic development of
transgenic BALB/c mice or their reproductive abili-
ties; litter sizes were similar to control BALB/c mice
(6-7 pups). Long-term transgene stability was remark-
able as up to six generations only one single offspring
showed loss of detectable eGFP fluorescence. (It has
not been tested whether transgene loss or inactivation
was responsible for this event). Calculating with 6 pups
as average litter size this means that the loss of
transgene/transgene activity has occurred at a very low
frequency at approx. 3% (1/36). This solid heredity
may partly be due to the rigorous flow-cytometric
screening performed from blood samples of the F1
generation members, following which only those
transgenic animals were further bred that showed
unambiguously uniform eGFP expression in periphe-
ral blood mononuclear cells (data not shown). Such
stability of transgene inheritance and activity is
especially impressive with the notion of utilizing a
short, constitutively active promoter (human EFla).
Our results on stable transgene inheritance line up with
earlier data obtained with EF10-eGFP transgenic rats
obtained by the lentiviral transduction of spermatogo-
nial stem cells (Ryu et al. 2007).

Analysis of transgene expression
in eGFP + BALB/c mice

Tissue samples of eGFP + BALB/c mice were ana-
lyzed from several samples by histology and flow-
cytometry. Figure lc—f summarizes representative
histological results of cryostat sections of muscle,
intestine, spleen and lymph node. eGFP expression is
present within the cytoplasm of all nucleated cells.
There were significant differences of fluorescence
intensity among various tissue and cell types. In
lymphoid organs, the mesenchymal-reticular cells and
vasculature appeared to express eGFP more heavily
than the surrounding lymphocytes. This phenomenon
may be the consequence of the promoter sequence
used. Although EFla is ubiquitously active non-viral
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Fig. 1 Macroscopic
identification, Southern and
histological analysis of
eGFP + BALB/c mice.

a Shows an

eGFP + newborn BALB/c
mouse (fop right) under
fluorescent light among
control littermates. b Shows
Southern analysis to
determine integrated
transgene copy number.
Lanes 1 and 2:

eGFP + Balb/c mice.
Lanes 3, 4, and 5: non-
transgenic Balb/c mice.
Lanes 6 and 7: no DNA
added and negative plasmid
DNA, lane 8: the LTR-
cPPT-EF10-GFP-WPRE-
LTR transfer vector.
Fragment sizes * >10 kb;
** 7.0 kb. c—f show eGFP
expression in cryostat
sections of muscle (¢),
intestine (d), spleen (e) and
lymph node (f)
counterstained with DAPI.
Intense eGFP fluorescence
is associated with stromal-
fibroblastic scaffolding of
white pulp (*) and vascular
elements, including splenic
central arteriole (**) and
high endothelial venule in
lymph node (**%*)

promoter, there may be significant differences for
activity depending on the actual context of gene
expression. Alternatively, cells with larger cytoplas-
mic volume may contain more eGFP molecules,
rendering these cells more fluorescent, similar to
differences observed during flow-cytometric analyses
below.

Figure 2 summarizes the results of flow-cytometric
characterization of peripheral blood, thymus and
lymph node. The difference of eGFP fluorescence
intensity was also obvious by the flow-cytometric
analysis of peripheral blood leukocytes. Figure 2a
shows peripheral blood leukocytes distinguished by
morphology following the lysis of erythrocytes (left

figure of Fig. 2a). Three distinct peaks of eGFP
fluorescence intensity are seen on the FL1 histogram
(middle figure of Fig. 2a), defined by gates R1 (low-),
R2 (mid-) and R3 (high intensity). Following back-
ward morphological representation using these gates
(right figure of Fig. 2a) cells of weak fluorescence (R1
gate, light gray), medium fluorescence (R2 gate,
medium gray) and high fluorescence (R3 gate, high
fluorescence) are identified. It appeared that eGFP
fluorescence strongly correlated with cell size (FSC
scatter) in peripheral blood leukocytes. In the thymus,
surface staining was performed to differentiate devel-
oping thymocyte subpopulations. Similarly, mature
lymphocytes in the lymph node were identified by
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CD4/CD8 double staining (Fig. 2b—e), and compared
to wild-type BALB/c controls. Mosaicism was not
observed by either histology or flow-cytometry. Our
results show near identical distribution profiles of
developing thymocytes in the thymus and mature
lymphocytes in the lymph node. Recent data shown
preferential expression of the GFP in the exocrine
cells of transgenic pigs, where the GFP transgene was
placed under the strong cytomegalovirus (CMV)
enhancer-promoter (Vasey et al. 2009).

Analysis of eGFP expression in bone-marrow
(BM) chimeric BALB/c mice

To determine whether eGFP-expressing transgenic
BALB/c mice are suitable donors for haemopoietic
reconstitution experiments, wild-type BALB/c mice
were irradiated and repopulated with bone marrow
cells from eGFP 4+ BALB/c donors. The degree of
chimerism and eGFP-expression pattern was ana-
lyzed 6 weeks after bone marrow transplantation.
Figure 3 summarizes the results of flow-cytometric
characterization of bone marrow, peripheral blood
and lymph node samples from BM-chimeric mice.
Histogram plot of Fig. 3b shows the efficacy of
eGFP + HSCs for reconstituting the haemopoietic
system (over 90% of BM cells fall positive in gate
M1). Mosaicism among peripheral blood leukocytes
was not detected following haemopoietic reconstitu-
tion. We also determined the ratio of different
peripheral blood leukocytes by flow-cytometry fol-
lowing the lysis of erythrocytes (see Fig. 3c and d).
Region statistics of wild-type and eGFP-chimeric
BALB/c mice show similar distribution pattern and
ratio of major leukocyte groups differentiated by
morphological representation. Surface staining for
CD4/CD8 antigens was performed to differentiate
mature lymphocytes in the lymph node of control and
BM chimeric BALB/c mice. Our results show
indistinguishable distribution profiles of mature lym-
phocytes in the lymph nodes of control and BM
chimeric BALB/c mice (see Fig. 3e and f). These
data indicate that the presence of eGFP in BALB/c
HSCs does not impair their capacity to restore
haemopoiesis.

In summary, lentiviral transgenesis is a powerful
tool for the creation of stable transgenic lines with
mouse strains that are challenging for standard pronu-
clear injection, like the BALB/c in our case. Major
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immunological parameters of the established eGFP +
BALB/c mouse strain were elaborately characterized
and found to be equal to that of control BALB/c mice.
In the future we plan to use this transgenic strain and
take advantage of marker gene-harboring murine cells
to investigate i.e. tumor formation, tumor-cell dissem-
ination, lymphocyte homing and recirculation and
several other applications.

Materials and methods
Plasmid constructs

Late second generation lentiviral sequences are
divided into three plasmid constructs. The envelope
construct pMD.G encodes the viral envelope protein
pseudotyped with VSV-G (vesicular stomatitis virus
G-protein). The packaging construct R8.91 encodes
enzymatic and structural elements required for
the assembly of recombinant retroviral vectors. The
transfer construct pWPTS carries the transgene of
interest in an LTR (long terminal repeat) frame. This
construct also has cPPT (central polypurine tract) for
increased nuclear transport, WPRE (Woodchuck-
hepatitis virus post-transcriptional responsive ele-
ment) for prolonged mRNA half-life and SIN (self-
inactivating) mutation in the LTR frame. The HIV-1
derived lentiviral system was kindly provided by
Prof. Didier Trono (CMU, Geneva, Switzerland).

Lentivirus production, purification, concentration,
titration

Lentiviral particles were produced as described
previously (Bovia et al. 2003; Kvell et al. 2005).
Briefly, the three plasmid constructs were co-trans-
fected into 293T cells using the calcium—phosphate
method. Viral supernatant was harvested after incu-
bation for 48 h at 37°C, 5% CO,. Purification steps
included centrifugation (2,000 rpm, 10 min, 4°C) and
filtration (PVDF-coated 0.45 pum filters). For concen-
tration the supernatant was layered on 20% sucrose
for ultra-centrifugation (26,000 rpm, 90 min, 4°C).
Viral particles were re-suspended in DMEM. Bio-
logical titration was performed with HeLa cells. Viral
particles were concentrated 1,000-fold in volume;
biological titers reached and exceeded 10° TU/ml.
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Cellular distribution prefile in eGFP+ peripheral blood following lysis of ervthrocytes
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Fig. 2 Flow-cytometric characterization of eGFP + BALB/c
mice. a Shows cellular distribution profile of eGFP fluorescence
intensity in peripheral blood following erythrocyte lysis. Left
density plot figure shows cell groups distinguished by morphology.
Middle figure shows eGFP fluorescence intensity distribution
profile as FL1 fluorescence histogram. Three distinct cell groups
are differentiated by fluorescence intensity defined by gates R1
(low-), R2 (mid-) and R3 (high intensity). Dot plot figure on the

Zygote isolation, perivitelline injection,
implantation

All strains (control and transgenic) of BALB/c and
FVB/n mice were kept in conventional animal house.
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right shows backward morphological representation. This identi-
fies cells falling into gates R1 (light gray), R2 (mid-gray) and R3
(dark gray). b and ¢ Show the cellular distribution profile (density
plot) of thymocyte subgroups in thymi of control and
eGFP + BALB/c mice, respectively. d and e Show the cellular
distribution profile (density plot) of lymphocyte subgroups in
lymph node control and eGFP 4+ BALB/c mice, respectively. For
comparison, quadrant statistics are enclosed to the figures

Lentiviral vector injection was performed based on
the modified perivitelline space injection method to
produce transgenic mice from low titer lentiviral
vector (Ritchie et al. 2007). Approximately 300—
500 pl of low titer (10°~10® infectious units per ml)
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Fig. 3 Flow-cytometric characterization of BM chimeric
BALB/c mice. a and b Show the cellular distribution profile
(morphological and histogram plots) of bone marrow (BM)
cells of control and BM chimeric BALB/c mice, respectively.
For comparison, histogram statistics are shown. ¢ and d Show
cellular distribution (density plots) in peripheral blood from

lentiviral vector was repeatedly injected into the
perivitelline space of single cell embryo. Superovu-
lation of donor females, embryo isolation and transfer
into surrogate mothers was performed according to
standard laboratory protocols.
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control and BM chimeric animal, respectively. For comparison,
region statistics are shown. e and f Show the cellular
distribution profile (histogram and density plots) of lymph
node lymphocytes of control and BM chimeric BALB/c mice,
respectively. For comparison, quadrant statistics are enclosed
to both figures

Bone-marrow chimeric mice were provided with
ciprofloxacin during the initial 4 weeks following
bone marrow transplantation.

Experiments were approved by the Animal Care and
Ethics Committee of the Agricultural Biotechnology
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Center and complied with the Hungarian Code of
Practice for the Care and Use of Animals for Scientific
Purposes, including conditions for animal welfare and
handling prior to slaughter.

In vivo fluorescence imaging

eGFP and auto-fluorescence was assayed using blue
light illumination (GFP excitation frequency 455—
495 nm with a barrier filter cut of below 500 nm).
For newborn and adult mice this was performed with
a GFSP-5 headset (Biological Laboratory Instru-
ments, Budapest).

Detection of transgene integration

Lentiviral transgene integration number was deter-
mined by Southern blot analysis of DNA from tail
biopsy. 20 pg of DNA was digested with BamHI,
separated on a 1% agarose gel, blotted to a nylon
membrane and probed with a 282 bp-long PCR
amplified eGFP fragment using primers GFP-forward
5’-CTCGTGACCACCCTGACCTAC-3" and GFP-
reverse 5'-CATGATATAGACGTTGTGGCTGTT-3'.

Detection of eGFP by histology

10 um thick cryostat sections were prepared from
various snap frozen tissues of eGFP 4+ BALB/c mice,
including muscle, intestine, spleen and lymph node,
and fixed in 4% buffered paraformaldehyde to preserve
native eGFP fluorescence. Nuclei were counterstained
with DAPI. The specimens were viewed under an
Olympus BX61 fluorescent microscope. The digital
pictures were acquired with a CCD camera using the
analySIS® software.

Detection of eGFP by flow-cytometry

Cells were obtained from bone marrow, thymus,
lymph node and blood and peripheral blood. The
lymphoid tissues were mechanically dissociated, sin-
gle cell suspensions were prepared and were stained
for CD4 and CDS8 (BD, clones: H129.9 (a-CD4) and
53-6.7 (a-CD®8)) in PBS containing 0.1% BSA and Na-
azide). Stained cells were fixed with paraformalde-
hyde, measured by FACSCalibur flow-cytometer and
analyzed by CellQuest Pro (Becton Dickinson). Cell
populations were differentiated by morphology gates.

Protocol of bone marrow transplantation

About 6-8 weeks old BALB/c mice were irradiated
with 10 Gy in a single bolus calculated at midline
level using a Co®-source. 6 h later irradiated mice
were injected intravenously with 200 pl cell suspen-
sion of bone marrow cells isolated from eGFP +
BALB/c adjusted to 107 viable cells/ml. Six weeks
after haemopoietic reconstitution cells were obtained,
stained and measured as above.
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Recently, using HIV-1-derived lentivectors, we obtained efficient transduction of primary human B
lymphocytes cocultured with murine EL-4 BS thymoma cells, but not of isolated B cells activated by
CDA40 ligation. Coculture with a cell line is problematic for gene therapy applications or study of
gene functions. We have now found that transduction of B cells in a system using CpG DNA was
comparable to that in the EL-4 B5 system. A monocistronic vector with a CMV promoter gave 32 +
4.7% green fluorescent protein (GFP)* cells. A bicistronic vector, encoding IL-4 and GFP in the first
and second cistrons, respectively, gave 14.2 + 2.1% GFP" cells and IL-4 secretion of 1.3 + 0.2 ng/10°
B cells/24 h. This was similar to results obtained in CD34" cells using the elongation factor-1a
promoter. Activated memory and naive B cells were transducible. After transduction with a
bicistronic vector encoding a viral FLIP molecule, vFLIP was detectable by FACS or Western blot in
GFP*, but not in GFP~, B cells, and 57% of sorted GFP* B cells were protected against Fas ligand-
induced cell death. This system should be useful for gene function research in primary B cells and
development of gene therapies.

Key Words: HIV-1-derived lentivectors, bicistronic vectors, human primary B lymphocytes,
CpG DNA, viral FLIP

INTRODUCTION

Optimization of methods for gene delivery into primary
human cells is important for research on gene functions
and development of gene therapies [1]. Gene transfer into
primary human B lymphocytes has been notoriously
difficult. Successful applications of nonviral methods to
functional assays of transgenes have not been reported
for these cells. Epstein—Barr virus vectors so far have been
tested only in B cell lines [2]. Murine oncoretroviral
vectors gave low transduction efficiency (of up to about
4%) in primary human B cells; they could be utilized to
study effects detectable by very sensitive methods, such
as immunoglobulin (Ig) class-switch recombination
detectable by PCR [3]. HIV-1-derived lentivectors gave
efficient transduction of various immature and mature
human hematopoietic cells [4-6]. Transgene expression
restricted to B lymphocytes was obtained by grafting
lentivector-transduced CD34* progenitors into NOD/
SCID mice [7]. T lymphocytes could be transduced after
activation, at least from the GO to the G1 stage of the cell
cycle [5,6]. But primary human B cells activated into

proliferation by crosslinking of CD40 in the presence of
various cytokines were very poorly transducible [8,9].
Recently with such vectors we obtained efficient trans-
duction of primary B cells cocultured with irradiated
murine EL-4 BS thymoma cells; monocistronic vectors
with the human cytomegalovirus (CMV) or elongation
factor-1a (EF-1a) internal promoter gave 27 + 12% green
fluorescent protein (GFP)* cells [9].

For gene therapy applications, however, a cell line
potentially adds risks, such as generation of recombinant
viruses. For studies of gene functions a handicap is that
the functions of the thymoma cells have not yet been
molecularly characterized. The first aim of this study was
to find a culture system for transduction with HIV vectors
of isolated B cells activated by defined stimuli. The LPS
receptor, Toll-like receptor-4 (TLR4), is lacking in human
B cells. But TLR9, the endosomal receptor for bacterial
DNA (short single-stranded DNA containing nonmethy-
lated CpG motifs; CpG DNA), is constitutively expressed
in memory human B cells and rapidly upregulated by
anti-Ig antibody—which mimics an antigen signal—in
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naive B cells [10,11]. We report here efficient lentiviral
transduction of B cells cultured with CpG DNA, anti-Ig,
IL-2, and IL-10.

The second aim was to test bicistronic HIV vectors
encoding the transgene in the first cistron and GFP in the
second cistron, downstream of the internal ribosomal
entry site (IRES). The vectors contained the woodchuck
hepatitis virus posttranscriptional regulatory element
(WPRE) [12]. First, we tested a cytokine gene; this allows
quantitation of secreted protein. IL-4 was chosen because
it was produced neither by B cells nor in our CD34" cell-
derived cultures. CD34" hematopoietic cells were utilized
as a primary cell control known to be transducible with
various HIV vector constructs [13,14]. As shown below,
with the IL-4 vector using the CMV promoter the
cytokine secretion rate of B cells was comparable to that
of CD34"-derived cells transduced by this vector with the
EF-1o promoter. Second, we tested a viral FLIP gene. Viral
FLIP proteins, like the short isoform of cellular FLIP,
competitively replace the caspase in the proximal signal-
ing complex that forms after the ligation of death
receptors, such as Fas [15]. Thus, transduction should
produce a positive (survival enhancing) effect rather than
a loss of function readout only. Such an effect was
obtained in Fas ligand (FasL)-exposed B cells.

RESULTS AND DiscussioN

B Cell Transduction in a Culture System Using CpG
DNA

We found that peripheral blood B cells stimulated by
CpG DNA, anti-Ig antibody, and the cytokines IL-2 and

EF10:GFP

L]

No virus

EF1a:lL4-GFP

IL-10, according to Bernasconi et al. [10], were efficiently
transduced by HIV vectors. For monocistronic (GFP) and
bicistronic (IL-4-IRES-GFP) vectors, the mean fluores-
cence intensity (MFI) of GFP* B cells was always higher
(2.5-fold or more) with the CMV than with the EF-la
internal promoter (Fig. 1), confirming our previous
findings with monocistronic vectors [9]. As expected,
the percentages of GFP* cells were lower with the
bicistronic compared to the monocistronic vectors (3-
or 2.3-fold by the mean, respectively, for the EF-1a or
CMV promoter; for the CMV promoter, mean data are
shown in Fig. 2, CpG).

The CG-rich oligonucleotides C274 (21 bases) and
2006 (24 bases), which caused optimal B cell proliferation
in the study by Marshall et al. [16], both allowed for
efficient transduction, whereas oligonucleotide C661,
with all CG inverted to GC, gave 20-fold lower prolifer-
ation and transduction. Vectors had to be added to the B
cell cultures on day 2 or later. At a multiplicity of
infection of 20 Hela cell-transducing units per B cell
(m.o.i. of 20) the numbers of GFP* cells were 1.2-fold
higher by the mean than at an m.o.i. of 10, but at an
m.o.i. of 30 or higher the numbers progressively
decreased. We also found this both with vector particles
added to culture plates by low-speed centrifugation at
1000g and with the particles left in the supernatant,
whereas virus-free supernatant of the virus-producer cells
showed no toxicity. In B cells, exposure to vector caused
increase in annexin V' cells (on day 4, from 13% in
control culture to 28% in culture with virus added on day
3 at an m.o.i. of 80), indicating that apoptosis was
involved. Our vectors were not toxic for T cells and

CMV:.GFP CMV:IL4-GFP

HF

(o]
™
o %
O -ﬂ
% ver ey “a
wooow' et ot ORI RS R T T TR - R | TR R A
8 il 8 &
8 84 g 83
® 8 0.23 84 46.3 8 13.7 3 47.5
Q 2 84 8 £
O . . 110 - 81 o 339
g 5 1 2 EE
O T i B ChRC = R R C Qm“ o at Q1o° o w0 et nto" et
GFP

FIG. 1. GFP MFl in B cells transduced with monocistronic or bicistronic HIV vectors was higher with the CMV than with the EF-1a internal promoter. B cells were
cultured in the CpG DNA system. Virus particles for the indicated vectors were added to parallel cultures on day 3 at an m.o.i. of 10. FACS analysis was done in
viable cells on day 6. 2-D plots show staining with PE-anti-CD19 mAb on the y axis (isotype controls gave <0.5% background). Percentages of GFP* cells and MFI
of these cells are indicated by upper and lower numbers, respectively, in the histograms.
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FIG. 2. Differences in B cell transducibility by HIV vectors under various culture
conditions. Vectors CMV:GFP or CMV:IL4-GFP were added on day 3 (m.o.i. of
10) to the CD40L system (CD40L), CpG DNA system (CpG), CpG DNA system
in the presence of CD40L (CpG + CD40L), EL-4 B5 system (EL-4 B5), or EL-4
B5 system in the presence of CD40L (EL-4 B5 + CD40L). FACS analysis was
done in viable cells on day 6 or 7. Shown are means + 1 SEM for percentages
of GFP* B cells from nine independent experiments for each culture condition.
Transduction in CpG versus CpG + CD40L, and in EL-4 B5 versus EL-4 B5 +
CD40L, was compared in parallel experiments. Significant, opposite effects of
CD40L on transducibility were found with both vectors (**P < 0.001; *P <
0.05; by two-sided t test).

CD34" cells. This may reflect the fact that, in general, B
cells are more prone to apoptosis in culture than many
other cells.

Comparison of Different B Cell Culture Systems
Viable cell expansion in the CpG DNA system set up
with total peripheral blood B cells was fivefold by the
mean in 10 days. Individual B cells proliferate very
heterogeneously in this system [10]. At least fivefold
higher B cell expansion was obtained in the system using
EL-4 BS murine thymoma cells as helper T cells [9,17].
But the percentages of transduced B cells among the
viable cells analyzed on day 6 or 7 were very similar in
both systems (Fig. 2, CpG and EL-4 BS; there were about
30 and 14% GFP* cells, respectively, for vectors
CMV:GFP and CMV:IL4-GFP). Since activated B cells
proliferated and outnumbered nonproliferating cells,
this means that proliferating B cells were similarly
transduced in both systems. Various cell types, e.g., T
cells [5,6], after some activation become transducible
with lentivectors even if they do not divide. So far this
could not be studied with B cells, because—unlike T
cells—B cell populations could not be maintained in an
activated, nondividing state.

In agreement with our previous data [9], however,
transducibility was very low in B cells proliferating in
response to soluble CD40 ligand, IL-2, and IL-10 (CD40L,
Fig. 2). Moreover, when we added CD40L to the CpG
DNA system (CpG + CD40L), thymidine incorporation
was enhanced 2-fold compared to the standard CpG DNA
system, but the transducibility became 3.2-fold lower by
the mean (P < 0.001 by two-sided ¢ test; nine independ-

ent, paired experiments). By contrast, adding CD40L to
the EL-5 BS system (EL-4 B5 + CD40L) gave not only
slightly increased thymidine incorporation compared to
the standard EL-4 BS system, but also 1.3-fold higher B
cell transducibility (P < 0.05; also nine independent,
paired experiments). In those experiments in which the B
response in the EL-4 B5 system was relatively weak,
addition of CD40L could double the percentage of GFP* B
cells. In addition we found that CD40L enhanced B
transduction in total peripheral blood lymphocytes
stimulated with pokeweed mitogen. Anti-Ig did not
enhance transducibility in the CD40L system, but B cells
stimulated with CpG DNA only were transducible (about
15% GFP™" cells with monocistronic vector).

Thus, it appeared that, in particular, B cells stimulated
via CD40 in the absence of other T cell signals (an
artificial condition) somehow resisted transduction by
HIV vectors. The vectors did not cause more annexin V
expression in CD40L-stimulated than in CpG DNA-
stimulated B cells. Serafini et al. [18] found that in B cells
activated via CD40 the transduction was blocked at an
early stage. It is possible that innate cellular defenses,
such as mechanisms involving TRIMS or APOBEC3
antiretroviral factors [19,20], are involved; they might
be triggered under certain (abnormal?) cell activation
conditions in vivo.

Transduction of Naive and Memory B Cells

In accordance with published data [10,11], anti-Ig
enhanced the proliferation of naive (CD277), but not
of memory (CD27%), B cells in the CpG DNA system
(2.9-fold by the mean; Fig. 3A). Even with anti-Ig,
proliferation was 2.1-fold lower in naive than in
memory B cultures. However, after 7 days of culture
the majority of naive B cells expressed CD27, and in
cultures with vector these cells expressed GFP very
similar to memory B cells (Fig. 3B shows data represen-
tative of two other independent experiments). CD27 is
an activation marker for naive B cells [21]. The naive B
cells that remained CD27~ were not transduced. On the
other hand, cultures set up with memory B cells always
contained some CD27" cells after culture, but these cells
were transduced. Since some B cells express CD27 ligand
[21], these may have been cells with ligand-modulated
CD27. In any case, the data show that activated naive
and memory B cells were transducible in the CpG DNA
system.

IL-4 Secretion by Transduced B Cells

B cells transduced with IL-4 vectors, after cell wash,
released IL-4 during secondary culture. We studied
whether pseudotransduction (PTD) played a role, i.e.,
any viral integration-independent effects, including pas-
sive transfer of transgene proteins by the virus particles
(cells become exposed to numerous defective particles)
[9]. Therefore, we tested viruses produced using a pack-
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FIG. 3. Naive and memory B cells proliferated and were transducible in the CpG DNA system. (A) Anti-lg antibody (alg) enhanced thymidine incorporation by
naive (CD27~, white columns), but not by memory (CD27%, black columns), B cells in the presence of CpG DNA, with or without IL-2 and IL-10 (means + 1 SEM
of counts per minute (cpm) from three independent experiments). (B) The 2-D plots show CD27 expression and FL1 fluorescence in sorted memory and naive B
cells before (Day 0) and after culture in the CpG DNA system (Day 7), with no virus or with vector CMV:GFP added on day 3 an m.o.i. of 10. Percentages of
CD27* cells (27%) and of GFP* cells among the CD27* cells (27*GF*) are indicated (experiment representative for three independent experiments). Only those

naive B cells that became CD27* were transduced.

aging construct with a loss-of-function mutant integrase
or a vector plasmid (CMV:IL4-GFP) lacking the central
polypurine tract (cPPT) involved in nuclear translocation
[22]. We added control virus at an m.o.i. of 10 and the
others, produced in parallel, at concentrations equalized
for IL-4 concentrations in the 293T culture supernatant.
Control vector gave 13.9% GFP* B cells (Fig. 4A) and an
IL-4 release of 1.1 ng IL-4/10° B cells/24 h (Fig. 4B). The
virus lacking integrase activity gave 0.87% GFP* cells, but
no bright GFP* cells, i.e., this was weak PTD that occurs
with GFP [9]. The IL-4 release was low, indicating that
about 5% of the IL-4 release obtained with the positive
control may have been due to PTD. The virus lacking the
cPPT gave 1.92% GFP* cells, including about 1% bright
cells. The IL-4 release (6.7-fold lower than control) was
close to what one would expect for this number of bright
GFP* cells plus PTD as estimated above. Thus, PTD played
a negligible role.

Comparison of IL-4 Secretion by B Cells and CD34*
Cells

We used CD34" cells as a reference for work with
lentivectors. After transduction with the IL-4 vector with
the EF-1a promoter, which is optimal in these cells [13],
the GFP expression in CD34" cell-derived cultures (Fig. 5A;
the upper histograms) was similar to that obtained in B

cells with vector CMV:IL4-GFP. In CD34*-derived cells,
intracytoplasmic IL-4 was detectable by FACS and corre-
lated with GFP expression among individual transduced
cells (lower histograms in Fig. 5A). Although B cells do
not produce IL-4 [23], a strong nonspecific staining by
the anti-IL-4 antibody in transduced and nontransduced
B cells made such detection impossible. IL-4 secretion was
also similar in B cells and CD34*-derived cells (Fig. 5B;
about 1.2 ng IL-4/10° cells/24 h). In B cells, IL-4 secretion
with the EF-1a promoter was 3.4-fold lower than with the
CMV promoter. In FACS-sorted GFP* B cells, the IL-4
secretion increased in parallel with their enrichment (not
shown). Thus, transducibility with bicistronic vector was
similar for B and CD34" cells. That many B cells become
secretory cells (plasma cells) was apparently not relevant
for the cytokine secretion rate. However, a considerably
lower cytokine secretion rate was reported for primary B
leukemia cells transduced with a bicistronic HIV vector
lacking the WPRE [24]. This element enhances mRNA
stability [12].

GFP expression and IL-4 secretion were stable in B cells
between days 3 and 8 after exposure to vector and in
CD34"-derived cells when followed up for 21 days. On
day 8 after exposure to vectors with the respective
optimal promoters, at an m.o.i. of 10, quantitative PCR
revealed multiple copies of GFP DNA per diploid genome
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FIG. 4. Correlation between IL-4 secretion and GFP expression in B cells exposed to different vector particles: positive control vector (CMV:IL4-GFP), vector
plasmid deleted of the cPPT element (A cPPT), and virus made using a packaging construct with an inactive mutant integrase (No integrase). (A) GFP expression.
All three types of vector particles were produced in parallel. Control vector CMV:IL4-GFP was added at an m.o.i. of 10. The other vector particles were added at
concentrations equalized for the amounts of IL-4 measured in the supernatants of the virus-producer cells. Upper and lower numbers represent percentages of
GFP* cells and MFI, respectively. (B) IL-4 secretion rates measured in this representative experiment (means + 1 SEM of triplicate cultures).

in CD34"-derived GFP* cells (4.5 + 0.3), as expected [25], We obtained overlapping results with mono- and bicis-
and also in CD19*GFP* B cells (4.8 + 0.4; means + 1 SEM, tronic vectors. We found at least 10-fold lower PCR
n =4, i.e., two transduction experiments with mono- and signals in GFP~ cells, showing low contamination by
two with bicistronic vectors for each cell type and for B DNA plasmids. Since vector-derived episomal DNA is
cells one of each experiment in the CpG and BS5 systems).  short-lived in various cells, including B cells [18], these
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FIG. 5. GFP expression and IL-4 secretion by B cells transduced with vector CMV:IL4-GFP were similar to those found in cell cultures derived from cord blood
CD34" cells transduced with vector EF1a:1L4-GFP. (A) The upper plots show GFP expression in cell culture derived from 97% pure cord blood CD34" cells from a
representative experiment. EF1a:1L4-GFP was added on day 1 at an m.o.i. of 20; cells were analyzed on day 5. Upper and lower numbers represent percentages
of GFP* cells and MFI, respectively. The lower plots show a staining with PE-anti-IL-4 mAb on the y axis and GFP fluorescence on the x axis on day 5. Percentages
of cells stained by anti-IL-4 (“IL”),and of GFP* cells ("G”) are indicated. (B) IL-4 secretion rates measured in B cells and CD34" cell-derived cultures transduced
with the indicated vectors at an m.o.i. of 10 (means + 1 SEM from six independent experiments).
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data indicate multiple vector integration in both cell
types.

Effects of Bicistronic Vector Expressing Viral FLIP

We then tested a bicistronic vector expressing FLAG-
tagged vFLIP of molluscum contagiosum virus [15]. We
added this vector (CMV:vFLIP-GFP) or control vector
(CMV:GFP) to B cells in the CpG DNA system on day 2
and sorted GFP" cells on day 5 (Fig. 6A). We recultured
the cells in the presence or absence of soluble FasL. In two
experiments, transduction of vFLIP caused a 1.8- to 2.4-
fold reduction in the number of FasL-induced annexin V*
apoptotic cells after 20 h (without and with FasL,
respectively, there were 32 + 3.9 and 79 £ 5.6% annexin
V™ cells for control vector versus 35 + 4.4 and 57 + 1.5 for
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VvFLIP vector). In three other experiments, we measured
thymidine incorporation after 48 h to detect cell survival
(Fig. 6B). Only 14 + 4% of B cells transduced with control
vector, but 63 + 12% of B cells transduced with vFLIP
vector, resisted killing by FasL. Thus, among those cells
that could be Kkilled by FasL, 57% (range 45 to 71%) were
protected by vFLIP.

In B cells transduced in the EL-4 BS system, intra-
cellular vFLIP was detectable with anti-FLAG mAb by
FACS and its expression correlated with GFP expression
in individual cells (Fig. 6C). Viral FLIP was also detectable
with this antibody by Western blot in sorted GFP*, but
not in GFP~, B cells (Fig. 6D).

In conclusion, with an HIV-1-derived bicistronic
vector we obtained proof of principle for the testing of
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FIG. 6. Detection of viral FLIP protein and of protection from FasL-induced cell death in B cells transduced with vector CMV:vFLIP-GFP. (A) GFP expression in B
cells transduced in the CpG DNA system with CMV:vFLIP-GFP at an m.o.i. of 10, before and after sorting of GFP* B cells. Upper and lower numbers represent
percentages of GFP* cells and MFI, respectively. The gating for the FACS sorting is shown by the arrowhead. (B) Thymidine incorporation by sorted GFP* B cells
transduced with CMV:vFLIP-GFP, or control vector CMV:GFP, after reculture in the presence or absence of FasL. The black columns represent percentages of
counts per minute (cpm) relative to no-FasL controls (means + 1 SEM from three independent experiments). Mean cpm in cultures with no FasL are indicated
(SEM in parentheses). (C) Detection of intracellular viral FLIP with anti-FLAG mAb ( y axis) and GFP fluorescence (x axis) in B cells transduced with CMV:vFLIP-GFP
in the EL-4 B5 system. Vector was added on day 3 at an m.o.i. of 10 and cells were analyzed on day 8, after 46-fold cell expansion. Percentages of cells stained by
anti-FLAG (“FL”) and of GFP* cells (*G”) are indicated. (D) Western blot of sorted GFP* and GFP~ B (CD19*) cells transduced as above in the EL-4 B5 system,
performed with protein equivalents of 3 x 10° B cells. Stainings with anti-FLAG mAb or anti-actin antibodies are shown. Viral FLIP was detected as a band of 34
kDa.
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a gene function in primary human B cells. The CpG DNA
culture system should be useful for such studies.

MATERIALS AND METHODS

HIV-1-Derived Vectors

A second-generation packaging system and self-inactivating HIV-1
vectors [26] with the pLoxP site in the 3'LTR [27] were utilized. The
monocistronic vector with the EF-la internal promoter (called vector
EF1c:GFP in this study) was plasmid pWPT-GFP for which the map and
sequence are available at http://www.tronolab.unige.ch. This plasmid
carries, in the 5 to 3’ direction, the cPPT element [22], the intronless
(“short”) EF-la promoter, the expression cassette, and the WPRE [12].
Vector CMV:GFP was made by replacing the promoter with the human
CMV promoter [13] between the Clal and the BamHI restriction sites. In
the bicistronic vectors, which were derived from the above vectors, the
first cistron was the transgene of interest, between the BamHI and the
Sall restriction sites, followed by the encephalomyocarditis virus IRES
[27] and GFP encoded downstream of the IRES. In the vectors EFla:IL4-
GFP and CMV:IL4-GFP the transgene was the complete human IL-4
cDNA sequence (a kind gift from Dr. J.-F. Gauchat, formerly at the
Institut Pierre Fabre, St. Julien, France). In vector CMV:vFLIP-GFP the
transgene was the FLAG-tagged viral FLIP of human molluscum
contagiosum virus (open reading frame 159L), kindly provided by Dr.
Margot Thome of the Department of Biochemistry, University of
Lausanne [15]. In some experiments we used a vector plasmid as above,
except that it lacked the cPPT element, or a packaging construct [9]
with a loss-of-function mutant integrase (mutation D64V) [28].

Virus particles pseudotyped with vesicular stomatitis virus G glyco-
protein were produced, concentrated 100-fold by ultracentrifugation, and
titrated on HeLa cells by measurement of GFP* cells by FACS to establish
HeLa transducing units per milliliter (usually 0.5 to 2 x 10%), as described
[9]. Viral stocks were suspended in B cell culture medium and stored at
—70°C.

Cell Cultures and Transduction

Approval for research on human cells was obtained from the Ethics
Committee of the Geneva University Hospitals. Written consent was
provided for all cell samples. B cells were isolated to more than 99% purity
from buffy coats of virus-screened blood donations obtained from the
Geneva Transfusion Center using Ficoll-Hypaque centrifugation and anti-
CD19 magnetic beads (Dynal) [29]. All B cell cultures were grown in RPMI
1640 medium supplemented with 10% fetal calf serum, 2-mercaptoetha-
nol, Hepes buffer, and antibiotics as described [29].

CpG DNA system. B cells (25,000 cells/200 pl culture; flat-bottom 96-
well plates) were stimulated with CpG DNA (2.5 pg/ml), anti-Ig
antibody (2 pg/ml), IL-2 (50 ng/ml), and IL-10 (10 ng/ml). CpG
oligonucleotides of the published sequences C274, 2006, and C661
[16] were obtained as complete phosphorothioates synthesized to our
order by Microsynth (Balgach, Switzerland). Anti-Ig was goat F(ab),
anti-human IgA + IgG + IgM (H+L) (Jackson ImmunoResearch). The
cytokines were from PeproTech. FACS sorting of CD27*/CD27~ cells
was done as described [29].

CD40L system. B cells (50,000 cells/200 pl) were stimulated with a soluble
oligomeric CD40L (300 ng/ml), IL-2 (50 ng/ml), and IL-10 (10 ng/ml) as
described [29]. When CD40L was added to the CpG DNA system or the EL-
4 B5 system, its concentration was also 300 ng/ml.

EL-4 BS system. B cells (3000 cells/200 pul) were stimulated with 50,000
irradiated EL-4 BS murine thymoma cells and a mixture of human
cytokines acting on the EL-4 B5 cells (IL-1p) or the B cells (TNF-q, IL-2,
and IL-10), as described [9].

To transduce B cell cultures at different times, the big cell clusters,
which formed in all culture systems, were dispersed by gentle pipetting
(five times aspiration of the culture using 200-pl tips). Virus particles were
then added to the cultures in a volume of 2 to 4 pl, at the indicated m.o.i.
according to cell counts by microscope (B cells or B plus EL-4 BS cells),

without further manipulations or cell wash. We found that centrifugation
of virus particles in new culture plates (spinoculation) with cell transfer
did not give better results.

CD34* cell culture and transduction. Umbilical cord blood CD34" cells
were isolated to >95% purity with anti-CD34 magnetic beads (Dynal),
cultured, and transduced as described [13]. Briefly, the cells (10%/200 ul)
were first cultured and transduced on day 1 in the presence of
thrombopoietin (TPO). After 48 h, the cells were recultured in Iscove’s
modified Dulbecco’s medium supplemented with 10% fetal calf serum,
antibiotics, TPO, Flt3-ligand, and stem cell factor; the cells were
recultured every 6 days.

Sorting and FACS Analysis of Transduced Cells

Various GFP* cell populations were sorted on a FACStar sorter, and
analyses of GFP* cells were performed on a FACScan analyzer using
CellQuest software (Becton-Dickinson), at the cytofluorometry laboratory
of the Geneva Medical Center. Cells were pretreated with polyclonal
mouse Ig before staining with phycoerythrin (PE)-coupled anti-CD19 [9],
anti-CD27 [29], or anti-CD34 [13] mAb, and viable (7-amino-actino-
mycin-D low) cells were gated for analysis of GFP expression [9]. For
analysis of cytoplasmic IL-4, cells were cultured with brefeldin A (Sigma),
2.5 pg/ml, for 3 h. For analysis of cytoplasmic IL-4 or viral FLIP, cells were
treated with Cytofix/Cytoperm and Perm/Wash solutions, followed by
AB* serum, and then stained, respectively, with PE-coupled anti-IL-4 mAb
(Pharmingen) or anti-FLAG-M2 mAbD (Sigma), which we coupled to biotin,
followed by PE-coupled streptavin (Jackson ImmunoResearch). The
isotype control was mouse IgGl. Apoptosis was assessed using the
Annexin V-PE Apoptosis Detection Kit I (Becton-Dickinson).

Other Analyses of Transduced Cells

IL-4 secretion rate. On day 2 or 3 after addition of viral particles, B cells or
CD34"* cells were harvested and washed twice in culture medium in
Eppendorf tubes, and viable, trypan blue-excluding cells were counted.
The cells were recultured as before, and after 24 h soluble IL-4 was
measured in culture supernatants by Quantikine Human IL-4 Immuno-
assay (R&D Systems).

Real-time quantitative PCR. The LightCycler system, High Pure PCR
Template Preparation Kit, and LightCycler FastStart DNA Master”*YS SYBR
Green I kit (all from Roche) were utilized. Cells were transduced with
vectors treated with DNase I before ultracentrifugation [7]. PCR was
performed in separate assays for genomic DNA, using intron-binding
primers for p2-microglobulin (5'-GGCACTGCTGAGATACTGAT-3/,
reverse 5'-GCTAGGACAGCAGGACTTA-3'; 215-bp product) and for vector
DNA, using GFP primers (5-GGCAAGCTGACCCTGAAGTT-3, 5
GCATGGCGGACTTGAAGAAGT-3; 149-bp product); respective plasmid
standards were utilized.

FasL assay. GFP* cells were sorted 3 days after exposure to vector and
recultured (20,000 trypan blue-excluding cells/200 pl, triplicate cultures)
in the CpG DNA system (without anti-Ig) in the presence of soluble
oligomeric FasL (200 ng/ml) prepared as described [30]. Thymidine
incorporation was measured after 48 h including the pulsing during the
last 12 h [29] with 1 pCi (0.037 MBq) [methyl-3H]thymidine (Amersham
Pharmacia Biotech).

Western blot for viral FLIP. This was done with the ECL Western blotting
analysis system (Amersham) using 0.45-um nitrocellulose membranes
(Bio-Rad) and Biomax chemiluminescence films (Kodak). The antibodies
were IgG1 mouse anti-FLAG-M2 mAb (Sigma) or polyclonal goat IgG anti-
actin (Santa Cruz Biotechnologies) in conjunction with horseradish
peroxidase-coupled anti-mouse or anti-goat antibodies, respectively
(Santa Cruz Biotechnologies).
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Thymic senescence contributes to increased incidence of infection, cancer and auto-
immunity at senior ages. This process manifests as adipose involution. As with other
adipose tissues, thymic adipose involution is also controlled by PPARgamma. This is
supported by observations reporting that systemic PPARgamma activation accelerates
thymic adipose involution. Therefore, we hypothesized that decreased PPARgamma
activity could prevent thymic adipose involution, although it may trigger metabolic
adverse effects. We have confirmed that both human and murine thymic sections show
marked staining for PPARgamma at senior ages. We have also tested the thymic lobes
of PPARgamma haplo-insufficient and null mice. Supporting our working hypothesis
both adult PPARgamma haplo-insufficient and null mice show delayed thymic senes-
cence by thymus histology, thymocyte mouse T-cell recombination excision circle gPCR
and peripheral blood naive T-cell ratio by flow-cytometry. Delayed senescence showed
dose—response with respect to PPARgamma deficiency. Functional immune parameters
were also evaluated at senior ages in PPARgamma haplo-insufficient mice (null mice do
not reach senior ages due to metabolic adverse affects). As expected, sustained and
elevated T-cell production conferred oral tolerance and enhanced vaccination efficiency
in senior PPARgamma haplo-insufficient, but not in senior wild-type littermates accord-
ing to ELISA IgG measurements. Of note, humans also show increased oral intolerance
issues and decreased protection by vaccines at senior ages. Moreover, PPARgamma
haplo-insufficiency also exists in human known as a rare disease (FPLD3) causing met-
abolic adverse effects, similar to the mouse. When compared to age- and metabolic
disorder-matched other patient samples (FPLD2 not affecting PPARgamma activity),
FPLDS3 patients showed increased human Trec (hTrec) values by gPCR (within healthy
human range) suggesting delayed thymic senescence, in accordance with mouse
results and supporting our working hypothesis. In summary, our experiments prove that
systemic decrease of PPARgamma activity prevents thymic senescence, albeit with
metabolic drawbacks. However, thymic tissue-specific PPARgamma antagonism would
likely solve the issue.
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INTRODUCTION

The peroxisome proliferator-activated receptor (PPAR) molecu-
lar family is widely studied (1-3). These nuclear receptor proteins
possess transcription factor activities and influence multiple cel-
lular events at the molecular level including adipocyte differentia-
tion and metabolism. Among them, PPARgamma is of particular
interest being expressed by all adipose tissue subtypes and being
indispensable for adipose tissue development and for the homeo-
stasis of physiological metabolism (4-7). As a consequence, in
the mouse systemic loss of PPARgamma activity severely impairs
glucose and lipid metabolism as characterized by others (8-10).
In accordance, PPARgamma null mice are only viable if using
conditional knockout strategy (11). Similar to the mouse above,
in human PPARgamma haplo-insufficiency leads to the devel-
opment of a rare metabolic condition known as familial partial
lipodystrophy, type 3 (FPLD3, ORPHA 79083) also characterized
by diabetes and dyslipidemia (12-15).

In mammals, systemic PPARgamma activity may be increased
at multiple levels. Environmental factors including exces-
sive caloric consumption or corticosteroid exposure increase
PPARgamma activity systemically (16-18). Pharmacological
systemic activation may be achieved through administration of
thiazolidinediones previously used as part of oral antidiabetic
treatment, but currently neglected due to adverse cardiovascular
side effects (19, 20). Genetic engineering-based enhancement of
PPARgamma activity in mouse models has also been performed
(21). In every case, increased PPARgamma activity promotes
adipose tissue development at multiple sites of the body.

Thymic aging is observed as adipose involution during which
the functional thymus niche that normally supports T-cell pro-
duction is gradually lost and replaced by adipose tissue (22). The
process starts focally in childhood then spreads and accelerates
with puberty due to hormonal changes (23). Diminishing T-cell
production results in decreased availability of fresh naive T-cells
(24). Consequences include increasing incidence of infection,
cancer and autoimmunity observed at senior ages (25, 26). Thymic
adipose involution appears to be PPARgamma-dependent: any
condition that systemically enhances PPARgamma activity—
either environmental, pharmacological, or genetic—accelerates
thymic senescence or adipose involution with all its immunologi-
cal consequences (27-32). However, the opposite phenomenon
whether systemically decreased PPARgamma activity can ame-
liorate long-term functional immune parameters has barely been
addressed (33, 34). For this reason, we have set out to characterize
the effect of systemic genetic PPARgamma loss of function on
long-term immune homeostasis in both mouse and human.

MATERIALS AND METHODS

Human Thymus Samples

Formalin-fixed, paraffin-embedded (FFPE) human thymus
samples from age groups 30-40, 50-60, and 70-80 years were
obtained from the Department of Pathology (Faculty of Medicine,
University of Pecs, Hungary.) Experiments involving human
thymus samples were performed with the consent of the Regional
and Local Ethics Committee of Clinical Centre, University of

Pecs (ref. no.: 6331/2016) according to their guidelines. All
subjects gave written informed consent in accordance with the
Declaration of Helsinki.

Human Immunohistochemistry

Human thymus lobes were fixed in paraformaldehyde (4% PFA in
PBS) then paraffin embedded. 5 pm thick sections were stained
using immunohistochemistry (35). First, the slides were rinsed
in heated xylene and were washed with a descending series of
alcohol to remove paraffin. After deparaffination the slides were
rehydrated in distilled water and antigen retrieval was performed
by heating the slides in Target Retrieval Solution (pH 6 DAKO)
at 97°C for 20-30 min. Subsequently slides were washed in dH,O
and endogenous peroxidase activity was blocked with 3% H,O;
containing TBS (pH 7.4) for 15 min. Then slides were washed three
times with TBS containing Tween (0.05%, pH 7.4). Pre-blocking
was carried out with 3% BSA in TBS for 20 min before overnight
incubation with anti-PPARgamma (1:100, rabbit monoclonal
antibody clone: C26H12 Cell Signalling Technology) primary
antibody at 4°C. Following incubation slides were washed with
TBS for three times then incubated with peroxidase conjugated
secondary antibody (1:100, Polyclonal Goat Anti-Rabbit IgG,
DAKO) for 90 min. Antibody labeling was visualized with the
help of liquid DAB Substrate Chromogen System (DAKO). For
nuclear counterstaining, hematoxylin staining was performed.
Finally, slides were mounted with Faramount Aqueous Mounting
Medium (DAKO). Histological evaluation was performed with
the help of Panoramic MIDI digital slide scanner (3DHistech).
Image analysis was performed using Image]J software with THC
toolbox plug-in.

Mouse Breeding and Maintenance

For certain experiments, we have used wild-type and PPARgamma
heterozygous (haplo-insufficient) or PPARgamma null (KO) mice
of C57BL/6] genetic background. The mice were age matched,
and both genders were used for the investigation. The design
to generate PPARgamma KO mice was described previously
(11). Briefly, PPARgamma*'~/Sox2Cre* male mice were crossed
with PPARgamma fl/fl female mice to generate heterozygous
PPARgamm*/~/Sox2Cre~ and homozygous PPAR gammaA®¥-/
Sox2Cre* mice, wherein the floxed allele was recombined
resulting a null allele. Mice were housed under minimal disease
conditions in the Laboratory Animal Core Facility of University
of Debrecen. Animal rooms were ventilated 15 times/h with
filtered air, mice received autoclaved pellet diet (Altromin VRF1)
and tap water ad libitum. The cages contained sterilized bed-
ding. Room lightning was automated with 12 h light and 12 h
dark periods. The room temperature was 21 + 2°C, the relative
humidity is between 30 and 60%. Senescent animals developed
and aged normally, without any treatment. Permission to perform
the described animal experiments was granted to the relevant
utilities of the University of Pecs (ref. no.: BA02/2000-46/2016).
Permission to generate PPARgamma GM mice was granted to the
relevant utilities of the University of Debrecen (ref. no.: TMF/82-
10/2015). Permission to perform experimental procedures with
PPARgamma GM mice was granted to the relevant utilities of the
University of Pecs (ref. no.: TMF/124-11/2017).

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1515


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Ernszt et al.

PPARgamma Deficiency Counteracts Thymic Senescence

Mouse Immunofluorescence

Immunofluorescent staining was performed on 8 um cryosec-
tions of mouse thymus lobes as described previously (35).
Briefly, the slides were fixed in cold acetone, then dried and
blocked to prevent non-specific staining using 5% BSA in PBS
for 20 min before staining with fluorochrome-conjugated or
primary antibodies: anti-EpCAMI1-FITC (1:100, rat monoclo-
nal antibody clone: G8.8), anti-Ly51-PE (1:100, rat monoclonal
antibody clone: 6C3, eBioscience), and anti-PPARgamma
(rabbit monoclonal antibody clone: C26H12 Cell Signaling
Technology). For secondary antibody, Alexa-555 conjugated
a-rabbit goat IgG (1:200, Life Technologies) was used. In certain
cases, DAPI (Life Technologies) nuclear counterstain was also
applied. Sections were analyzed using a Nikon Eclipse Ti-U
microscope equipped with a CCD camera (Andor Zyla 5.5) and
NIS-Elements software. The medulla/cortex ratio was calculated
using Image]J software.

Mouse Flow Cytometry

Thymocyte subsets and T-cell subpopulations in blood were
investigated by flow-cytometry as published by others (36, 37).
Thymocytes and PBMC were isolated from mice and labeled
with fluorophore-conjugated antibodies in PBS-BSA (5% BSA
diluted in PBS). In every case, 100,000 cells were stained for
measurement. Incubation with antibodies was performed at
4°C for 60 min followed by a washing step. FACSCanto II flow-
cytometer and FACSDiva software (Becton Dickinson) were
used for analysis. In every case, 10,000 events (parent R1 mor-
phological lymphocyte gate) were recorded by flow-cytometry.
For thymocyte subset measurement, Alexa-647 conjugated anti-
mouse CD4 (clone: YTS 191) and FITC-conjugated antimouse
CDS8 (clone: IBL 3/25) antibodies were used (both produced in
the Department of Immunology and Biotechnology, University
of Pecs, Hungary). For peripheral blood T-cell subpopulation
analysis, Pacific Blue-conjugated antimouse CD3 (clone: 17A2),
PerCP-conjugated antimouse CD4 (clone: GK1.5), APC/Cy7-
conjugated antimouse CD8 (clone: YTS156.7.7), PE-conjugated
antimouse CD44 (clone: IM7), APC-conjugated antimouse
CD62L (clone: MEL-14) (all purchased form BioLegend), and
FITC-conjugated antimouse CD19 (clone: 1D3, produced by the
Department of Immunology and Biotechnology, University of
Pecs, Hungary) were used.

T-Cell Recombination Excision Circle
(TREC) Measurement by Digital qPCR in

Mouse and Human

T-cell recombination excision circle by-products of gene-
rearrangement in fresh naive T-cells were also assessed. We
performed mouse Trec (mTrec) digital gPCR using mouse and
human Trec (hTrec) digital qQPCR using human samples by
adapting methods published by others (38). Briefly, DNA was
isolated from mouse thymocytes using the NucleoSpin Tissue kit
(Macherey-Nagel) according to the manufacturer’s instruction.
For human, peripheral-blood samples were processed using
the DNA Blood Mini kit (Qiagen) following the manufacturer’s
guides. Absolute copy numbers were measured by digital PCR

on the QuantStudio 3D Digital PCR platform (ThermoFisher)
using 30 ng DNA per sample. Tagman primers/probes and digital
qPCR reagents were also purchased from ThermoFisher and used
as suggested. For age-matched range of healthy human hTrec val-
ues, refer to the work of Lynch et al. (38). Permission to perform
the described animal experiments was granted to the relevant
utilities of the University of Pecs (ref. no.: BA02/2000-46/2016).
Experiments involving human blood samples were performed
with the consent of the Regional and Local Ethics Committee of
Clinical Centre, University or Pecs (ref. no.: 6439/2016) accord-
ing to their guidelines.

Oral Tolerance Induction in Mouse

Induction and evaluation of oral tolerance was performed
as described by others (39-41). Briefly, both wild-type and
PPARgamma haplo-insufficient mice received 5 mg/ml ovalbu-
min (OVA, Sigma-Aldrich) in drinking water for seven days.
On day 7, mice were challenged with an intraperitoneal injec-
tion of 5 ug ovalbumin in 200 pl of 1:1 of PBS:complete Freund
adjuvant. On day 14, mice received an intraperitoneal injection
of 5 ug ovalbumin in 200 pl of 1:1 of PBS:incomplete Freund
adjuvant. Serum was collected on day 21 and anti-OVA IgG
antibodies were measured by ELISA. Briefly, 96-well Microtest
Plates (Sarstedt) were coated with OVA and blocked with BSA.
Then plates were incubated with serial dilutions of mouse serum
samples (1:100-1:3,200). The antibody content was visualized
with the help of HRP-conjugated antimouse immunoglobulin
antibody (rabbit polyclonal, Dako). Optical density was meas-
ured at 492 nm with iEMS Reader MF equipment (Thermo
Labsystems).

Influenza Vaccination in Mouse

The efficiency of influenza vaccination was investigated as
described elsewhere (42). Briefly, both wild-typeand PPARgamma
haplo-insufficient mice were injected intramuscular once with
0.1 ml human seasonal influenza vaccine cocktail (3Fluart) to
mimic human vaccination at 9 months of age. In order to imitate
human exposure pattern serum antibody IgG titer against HIN1
A/California/7/2009 strain (part of 3Fluart) was measured by
ELISA three months after initial single vaccination at 12 months
of age. For detection, ELISA plates were coated with 0.05 pg
HA protein of influenza strain A (Recombinant subtype HIN1
A/California/7/2009 His Tag, Life Technologies). Then plates
were incubated with serial dilutions of mouse serum samples
(1:5-1:1,600). The antibody content was visualized with the help
of HRP conjugated a-mouse immunoglobulin antibody (rabbit
polyclonal, Dako). Optical density was measured at 492 nm with
iEMS Reader MF equipment (Thermo Labsystems).

Statistical Analysis

All experiments were performed at least on three occasions,
representative experiments are shown. Measures were obtained
in triplicates, data are presented as mean and +SD as error bars.
Graphpad Prism software was used for statistical analysis. Two-
tailed Student’s t-test was applied. Significant differences are
shown by asterisks (ns for not significant, * for p < 0.05, ** for
p <0.01, ** for p < 0.001).
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RESULTS

PPARgamma Distorts the Ratio of Thymic
Epithelial Compartments with Age

Previously reported mouse results showed increasing
PPARgamma expression with age in the thymic epithelial com-
partments, accompanied by thymic adipose involution. We have
set out to prove human relevance of previous mouse findings and
test whether PPARgamma activity influences the ratio of thymic
epithelial compartments.

PPARgamma Expression Increases in the Adult
Thymus with Age

Human FFPE thymic sections were analyzed for their
PPARgamma expression in several adult age groups from young
through middle-aged to senior (Figures 1A-D). Our results

indicate that PPARgamma expression significantly and progres-
sively increases with age (Figures 1A-C). Of note, total cellular
areas shrink at senior ages in both human (Figure 1C) and mouse
(Figure 1F). As a result the ratio of PPARgamma-expressing
cellular areas shows relative increase with age (Figure 1D).
Immunofluorescent staining of mouse thymic cryosections at
15 months of age (Figure 1F) provides visual support for thymic
epithelial to adipose transdifferentiation in harmony with the
working hypothesis of cellular transdifferentiation. A portion
of stromal cells shows dual staining for epithelial identity and
adipose differentiation, a hallmark of thymic adipose involution.
This phenomenon is not observed at young adult age (Figure 1E).

PPARgamma Skews the Ratio of Epithelial
Compartments with Age

Mouse thymic cryosections were differentially stained for
medullary and cortical epithelial compartments at several ages

100pm

FIGURE 1 | PPARgamma expression in the adult thymus. Human formalin-fixed, paraffin-embedded (FFPE) thymic sections were analyzed for PPARgamma
expression by immunohistochemistry in age groups of 20-30 years called young adult (A), 50-60 years called middle-aged (B), and 70-80 years called senior

(C). Brown color reaction (DAB) shows PPARgamma expression. Blue color (hematoxylin) shows nuclear counter-stain and defines total cellular areas. The ratio of
PPARgamma-expressing cellular areas and total cellular areas is also shown for the different age groups (D). Immunofluorescent staining is also shown for mouse
at 1 month of age called young adult and at 15 months of age called senior (E,F). Green color shows epithelial cells (anti-EpCAM1-FITC), red color shows
preadipocytes (anti-PPARgamma primary AB with Alexa-555 secondary AB) and blue color defines nuclei (DAPI counter-stain). Note arrowheads pointing at
double-staining (EpCAM-1+/PPARgammar) cells (F). Both stainings show expected patterns: EpCAM-1 staining presents cell surface markers, while PPARgamma-
staining shows nuclear localization (observed in magenta color due to overlap with DAPI nuclear counterstain on Figure 1F). For exact numerical data, refer to
Supplementary Material. Significant differences are shown by asterisks (ns for not significant, * for p < 0.05, ** for p < 0.01, *** for p < 0.001).

Positive/total tissue area

Young adult Middleaged  Senior
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and using various genetic backgrounds (Figures 2A-D). Our
results show that in the wild-type setting the medullary epi-
thelial compartment significantly shrinks with age as reported
previously (31). This, however, is not observed in PPARgamma
deficient settings. Loss of PPARgamma activity shows protection
in a progressive manner presenting dose-response (Figure 2E).
PPARgamma deficiency efficiently and significantly prevents
the erosion of the medullary epithelial compartment, otherwise
prone to shrink with senescence.

PPARgamma Affects Thymic T-Cell
Production and Peripheral Blood T-Cell
Distribution with Age

We have observed changes in thymus architecture in response
to PPARgamma status. Consequently, we were interested in

whether morphological changes alter thymus function: naive
T-cell production. Going beyond, we were eager to see if sus-
tained influence of PPARgamma status on thymocyte function is
also reflected in the peripheral blood.

PPARgamma Disturbs Thymic T-Cell Output with Age
Age-related changes in thymocyte levels of mTrec (DNA loop
by-product of mouse T-cell receptor gene rearrangement) were
evaluated in wild-type and PPARgamma deficient settings using
digital qPCR (Figure 3A). Our results indicate slight (though
not significant) decrease of mTrec and hence fresh-naive T-cell
output with age in thymocytes of wild-type mice. PPARgamma
deficiency significantly and progressively counteracts the process
also showing dose-responsive increase of thymocyte mTrec
levels. In further analyses, the percent distribution of thymocyte

(ns for not significant, * for p < 0.05, ** for p < 0.01, *** for p < 0.001).

FIGURE 2 | Ratio of epithelial compartments in the adult thymus. Mouse thymic cryosections were stained differentially for medullary (anti-EpCAM1-FITC*,
anti-Ly51-PE") and cortical (anti-Ly51-PE++, anti-EpCAM1-FITC*) epithelial compartments. Wild-type thymus is shown at 1 month (A) and 8 months of age

(B). PPARgamma heterozygous (C) and PPARgamma KO (D) animals are shown at 8 months of age. The ratio of medullary and cortical epithelial compartment is
also shown (E) for both ages and genetic backgrounds. For exact numerical data, refer to Supplementary Material. Significant differences are shown by asterisks
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FIGURE 3 | Thymocyte development in the adult thymus. Changes in level
of mouse T-cell recombination excision circles (mTrecs) was evaluated by
Tagman digital gPCR in wild-type, PPARgamma heterozygous, and
PPARgamma KO thymocytes (A). The columns represent mTrec values
measured at 8 months divided by those measured at 1 month for every
strain. The ratio of thymocyte subpopulations was assessed by
flow-cytometry at 8 months of age in wild-type, PPARgamma
heterozygous and PPARgamma KO animals (B). Double negative (CD4-,
CD8-), double positive (CD4+, CD8*), and single positive (CD4* or CD8")
subpopulations are shown. For the measurement of every sample,
100,000 cells were stained and 10,000 events (parent R1 morphological
lymphocyte gate) were recorded by flow-cytometry. For exact cell
numbers, refer to Supplementary Material. Significant differences are
shown by asterisks (ns for not significant, * for p < 0.05, ** for p < 0.01,
** for p < 0.001).

subpopulations was assessed using flow-cytometry in wild-type
and PPARgamma deficient mice (Figure 3B). All thymocyte
subpopulations showed near identical distribution pattern with
all genetic backgrounds. Taken together, PPARgamma deficiency
progressively enhances thymocyte development in adult age, but
without skewing the distribution of thymocyte subpopulations or
their differentiation preference.

PPARgamma Influences T-Cell Subpopulation
Distribution in Adult Peripheral Blood

Peripheral blood T-cell subpopulations were evaluated by flow-
cytometry at 12 months of age in wild-type and PPARgamma
deficient animals. Our results do not show differences in the
percent distribution of the major T-cell groups of helper T-cells
and cytotoxic T-cells (Figure 4A) within the CD3-gate of T-cells.
However, the evaluation of naive T-cell and memory T-cell ratio

FIGURE 4 | T-cell subpopulations in adult peripheral blood. Peripheral blood
T-cell subpopulations were evaluated by flow-cytometry at 12 months of age
in wild-type and PPARgamma heterozygous animals (KO animals decease by
this age). Percent distribution of T-cells (CD3*), helper T-cells (CD3*, CD4+),
and cytotoxic T-cells (CD3*, CD8*) is shown by (A). Also, the percent
distribution of naive T-cells (CD3*, CD44-, CD62L*) and memory T-cells
(CD3+, CD44+, CD62L+~) was evaluated within the CD3-gate of T-cells

(B). Further analysis of memory T-cell subpopulation shows percent
distribution of effector memory T-cells (CD3*, CD44+, CD62L") and central
memory T-cells (CD3*, CD44+, CD62L+) within the CD3-gate of T-cells

(C). For the measurement of every sample, 100,000 cells were stained and
10,000 events (parent R1 morphological lymphocyte gate) were recorded

by flow-cytometry. For exact cell numbers, refer to Supplementary Material.
Significant differences are shown by asterisks (ns for not significant, * for

p <0.05, ** for p < 0.01, *** for p < 0.001).

reveals significant effect of PPARgamma deficiency (Figure 4B).
There is significant increase of naive T-cells in the peripheral
blood of PPARgamma deficient animals compared to wild-type
animals, conversely and significantly decreasing the memory
T-cell pool within the CD3-gate of T-cells. Deeper analysis of
the memory T-cell pool reveals it is the mobile effector memory
T-cell subpopulation that shows significant decrease and not
central memory T-cells (Figure 4C) within the CD3-gate of
T-cells. Sustained and prolonged naive T-cell production due to
PPARgamma deficiency in the thymus as suggested by mTrec
values above apparently affects peripheral blood T-cell subpopu-
lations as shown here.
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Functional Immunological Consequence

and Human Relevance

Having seen the far-reaching influence of PPARgamma status
on thymus architecture, thymus function and peripheral blood
T-cell composition with age, we have set out to test whether these
changes have functional immunological relevance. If so, it would
be also of high interest to test if our comprehensive mouse results
have human relevance.

PPARgamma Modulates Immune Regulation

and Immune Response

We have tested the capacity to mount oral tolerance to the foreign
protein OVA in wild-type and PPARgamma deficient aged adult
mice by measuring OVA-specific IgG titers following oral and/
or intraperitoneal OVA challenge (Figure 5A). As reported by
others, age impairs oral tolerance in wild-type animals (40, 41).
As a consequence, there is only moderate, insufficient decrease
of OVA-specific IgG titers in case of parallel oral OVA admin-
istration and ip. OVA-injection in senior animals. However,
PPARgamma deficiency rescues oral tolerance in the same

FIGURE 5 | Functional immunological experiments in adult hosts. Oral
tolerance induction capacity to ovalbumin (OVA) was assayed in wild-type
and PPARgamma heterozygous animals at 12 months of age. Animals
received OVA by either drinking water, i.p. injection, both or neither.
OVA-specific IgG titers were evaluated 3 weeks later by ELISA method

(A). The presented figure was obtained using 1:400 dilution of serum.

Mean ELISA OD values are shown for each study group. Human seasonal
influenza vaccine (3Fluart) was injected (0.1 ml, 1x, i.m.) into wild-type and
PPARgamma heterozygous animals at 9 months of age. Serum IgG titers
specific to a vaccine component (H1N1 A/California/7/2009 strain) were
tested 3 months later by ELISA method (B). The presented figure was
obtained using 1:50 dilution of serum. Maximal ELISA OD values are shown
for each study group. For exact numerical data, refer to Supplementary
Material. Significant differences are shown by asterisks (ns for not significant,
*for p < 0.05, ** for p < 0.01, *** for p < 0.001).

experimental setting despite age, profoundly and significantly
decreasing OVA-specific IgG titers (Figure 5A). Consequently,
naive T-cell dependent immune regulation (oral tolerance)
remains efficient in PPARgamma heterozygous animals despite
their age.

The capacity to mount immune reaction to foreign influenza
antigens was also tested as human seasonal influenza vaccine was
injected into aged adult wild-type and PPARgamma deficient
animals. Subsequent analysis of serum IgG titers specific to a vac-
cine component showed elevated protective antibody production
(maximal ELISA OD values) in PPARgamma deficient animals,
but not in their wild-type littermates (Figure 5B). This tendency
is not significant because of individual variation observed due
to the applied human vaccination protocol being inferior to
standard mouse immunization protocol. Nevertheless, naive
T-cell dependent immune response proves to be efficient in aged,
PPARgamma heterozygous animals.

Human Evidence of PPARgamma Deficiency
Preventing Thymic Senescence

Genetic PPARgamma deficiency is a rare, but existing condition
in human called FPLD3 (15). It leads to a metabolic phenotype
called lipodystrophy, similar to the mouse (11-15). Other rare
human conditions not affecting PPARgamma can also lead
to lipodystrophy (12-15). In case of FPLD2 lamin mutations
trigger similar metabolic changes (14). Peripheral blood hTrec
(DNA loop by-product of human T-cell receptor gene rearrange-
ment) levels were measured using digital QPCR in age-matched
patients with FPLD2 condition and FPLD3 condition (Figure 6).
As expected and in perfect harmony with previous mouse
thymocyte results elevated mean hTrec levels were detected in
FPLD3 samples compared to FPLD2 samples. The tendency is

FIGURE 6 | Thymus function in adult FPLD patients. Level of human T-cell
recombination excision circle (hTrec) was measured by Tagman digital gPCR
in peripheral blood leukocytes of age-matched and disease-matched rare
disease patients with FPLD2 condition (lipodystrophy due to LMNA
deficiency) and FPLD3 condition (lipodystrophy due to PPARgamma
deficiency) (Figure 6). Patient sample numbers were n = 3 for FPLD2 and
n =5 for FPLD3. For exact numerical data, refer to Supplementary Material.
For age-matched (approx. 50 years of age) range of healthy human hTrec
values, refer to the work of Lynch et al. (38). Accordingly, the lower limit of
healthy human hTrec threshold (approximaterly 200 copies/pg DNA) is
represented by dotted line.
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not significant due to individual variation within the patient
groups. Unfortunately, current patient sample numbers cannot
be increased due to the extremely rare nature of these conditions
(FPLD2 or ORPHA 2348 has prevalence of <1/1,000,000 and
FPLD3 or ORPHA 79083 also has prevalence of <1/1,000,000)
(14, 15). For age-matched range of healthy human hTrec values,
refer to the work of Lynch et al. (38). Lower limit of healthy
human hTrec threshold (approx. 200 copies/pg DNA) is not
reached by FPLD2 (lamin) patient samples, but this is rescued
in FPLD3 (PPARgamma) patients despite being age and disease
matched.

DISCUSSION

PPARgamma Drives Thymic Epithelial to

Adipose Trans-Differentiation with Age

It has been previously suggested based on direct fate-mapping
experiments that with senescence thymic adipose tissue develops
from the thymic stromal or epithelial compartment (28). Based
on indirect evidence others have also supported this concept
(29). In further support, we here present visual evidence of
epithelial to adipose transdifferentiation in the mouse. This is
indicated by the presence by EpCAM-1/PPARgamma double-
positive cells shown by histology (Figure 1D). These cells still
express cell surface markers of their fading thymic epithelial
identity (EpCAM-1), but already show early signs of the novel
adipocyte differentiation program in their nuclei (PPARgamma).
The fact that such double positive cells show rather scattered and
not uniform staining pattern at a given time point may provide
explanation for gradual thymic adipose involution observed
during senescence.

PPARgamma Impairs Naive T-Cell

Production with Age

Thymus histology data show that the medullary compartment
is rescued from age-related shrinking in case of PPARgamma
deficiency (Figures 2A-D). Extended survival of this stromal
niche ensures permissive environment for sustained thymus
function: naive T-cell production. This is indicated by elevated
mTrec values showing direct correlation with PPARgamma defi-
ciency (Figure 3A). Of extreme importance and highlighting
human relevance, peripheral blood leukocyte hTrec values from
adult FPLD3 patients (with genetic PPARgamma deficiency)
also exceed adult FPLD2 patient values (with unrelated genetic
background) despite being age-matched and disease-matched
(lipodystrophy, diabetes) (Figure 6). Of note, such metabolic
disorders are known to impair thymus function indicated
by decreased hTrec values as reported by others (43, 44). For
exactly, this reason have we used disease-matched controls
(FPLD2 vs. FPLD3) to show enhanced thymus function with
PPARgamma deficiency despite metabolic disorders. Unlike
lower than physiological hTrec values measured in FPLD2
(lamin) patients, those measured in FPLD3 (PPARgamma)
patients are within healthy human physiological range
(Figure 6). Since both mTrec and hTrec DNA loops originate
from gene rearrangement during thymocte development this

is direct evidence of sustained T-cell development indicating
intact thymic niche in PPARgamma deficient animal models
and human patients (38). Of note, the distribution of thymo-
cyte subpopulations shows identical pattern irrespective of
PPARgamma status proving that sustained, enhanced thymo-
cyte development does not skew differentiation preference, but
rather enhances fresh, naive T-cell production of all thymocyte
subtypes uniformly (Figure 3B). Finally, since sustained thymic
naive T-cell production is not restricted to a given time-point,
but rather represents a continuous trend, the peripheral blood
naive T-cell population shows cumulative differences as it is
rescued from age-driven shrinking, against the memory T-cell
population—more specifically against the effector memory
T-cell pool (Figures 4B,C).

PPARgamma Hampers T-Dependent
Immune Regulation and Immunity with
Age

Oral consumption of foreign T-depended antigen normally
initiates immune tolerance inhibiting any eliminative immune
response (e.g., serum IgG), despite parallel immunization in
young adult individuals with appropriate naive T-cell supply.
Unfortunately, the phenomenon is disrupted at senior age due
to the lacking naive T-cell pool in the Peyer’s patches of the
gut (40, 41, 45) This loss of oral tolerance (impaired immune
regulation) is a possible link to increasing food intolerance
prevalence observed in the aging adult population (46-49).
However, the phenomenon may be rescued by PPARgamma
deficiency despite age providing evidence that sustained T-cell
production is necessary for efficient oral (immune) tolerance
(Figure 5A).

Senescence-triggered decrease of naive T-cell output also
impairs T-dependent immunity. An example in the senior
human population is decreased protection from seasonal flu
strains despite annual vaccination campaigns (50-52). The
phenomenon has well established animal models (53-55).
This is caused by low levels of neutralizing antibody titers due
to lacking naive T-cells necessary during T-B cooperation to
mount adequate innate immune response against T-dependent
antigens of the vaccine. This, however, is not the case with
PPARgamma deficiency (Figure 5B). Single intramuscular
vaccination against seasonal flu (mimicking human vaccination
campaign) resulted in higher maximal antibody production
three months later (a typical delay in human exposure). This
confirms that the cause of decreased vaccination efficiency in
the senior population is impaired T-dependent immunity due
to thymic senescence.

In our experiments, we have focused on the decline of
T-dependent immunity since the thymus shows early and dra-
matic signs of senescence during adipose involution. This, how-
ever, is not the case for the B-cell compartment for which aging
has been reported to occur later and in a more gradual fashion,
lacking such profound histological changes (56).

PPARgamma is an enigmatic transcription factor showing
unique expression pattern in both time and space throughout the
body (57). PPARgamma affects both hemopoietic and stromal
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compartments during development and aging. Further dissec-
tion would require to perform, e.g., bone-marrow transplanta-
tion experiments between control and PPARgamma deficient
animals. However, PPARgamma KO animals develop severe
metabolic disorders that hamper such experiments, especially at
elevated ages.

Limitations and Perspectives

We here present the long-term thymus- and T-dependent
immunity-preserving effect of systemic (genetic) loss of
PPARgamma function as observed in PPARgamma deficient
mouse models and in a human rare disease (FPLD3). In
both cases, there are severe metabolic drawbacks (diabetes,
dyslipidemia etc.) due to systemically lacking PPARgamma
activity. However, alternative, thymus tissue-restricted sup-
pression of PPARgamma activity would likely solve the issue.
Of note, as reported previously, overexpression of Wnt4
glycolipoproteins by thymic epithelial cells can efficiently
counteract PPARgamma (31). Also, Wnt4 was described to
travel in extracellular vesicles including exosomes and affect
thymocyte differentiation (58, 59). Hence, it is conceivable
that thymic epithelium-derived, enriched exosomes would
efficiently home to the thymus and deliver their Wnt4 cargo
locally even when administered systemically. This would, in
theory, allow for the natural, tissue-specific, protein-mediated
maintenance of thymic epithelial identity and prevent thymic
senescence from developing.

Although tissue senescence is ultimately inevitable, there
are conditions that accelerate thymic senescence including cer-
tain viral infections, intoxications, irradiation, chemotherapy,
etc. Outcomes include increased incidence of infection, cancer
and autoimmune disorder. In any case, the identification of
molecular level targets for potential intervention is highly
desired. Therefore, molecular level insight into immune senes-
cence has medical, economical, and personal relevance, all at
once.
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Abstract: Local inflammation is a well-known symptom of envenomation by snakes of the family
Viperidae, attributed primarily to the phospholipase Ajs, metalloproteinases and L-amino acid
oxidases contained in their venom. The inflammatory effect of snake venoms has been associated
with a marked increase of the cytokines IL-1f3, IL-6, IL-8, IL-10 and TNF-«. To determine the
impact of Vipera ammodytes ammodytes snake venom on the expression of inflammation-related genes,
we incubated human U937 monocyte cells with dilutions of snake venom. Gene expression was
quantified for 28 different genes using a TagMan® Array Human Cytokine Network 96-well Plate in a
RT-gPCR system. Our results have demonstrated that 1.0 ug/mL Vipera ammodytes ammodytes venom
solution induces a notable change in the expression of several cytokine network genes. Among the
upregulated genes, there were several that encode interleukins, interferons, and tumor necrosis
factors. We further report the downregulation of three interleukin-related genes. Our findings come
as supportive information for the known complex effect of snake venoms on the human cytokine
network. It also provides relevant new information regarding the expression of genes that have not
been previously associated with the effect of snake venoms.

Keywords: snake venoms; Vipera ammodytes; inflammation-related genes; inflammatory mediators;
cytokines; RT-qPCR

Key Contribution: We present a Tagman Array method to simultaneously determine the effect of
Vipera ammodytes ammodytes snake venom on 28 inflammation-related genes. The results show that
the venom alters the expression of several cytokine network genes, including genes not yet associated
with the effect of snake venoms.

1. Introduction

The inflammatory process represents a defense mechanism of the body against harmful pathogens,
damaged cells, or irritating substances. Inflammation can take an acute or chronic form. In its acute
form, five typical signs of inflammation are usually present: heat, pain, redness, swelling, and loss
of function of the affected tissues or organs. Chronic inflammatory processes are characterized by a
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continuous and simultaneous destruction and healing of affected tissues, which may lead to chronic
inflammatory diseases with detrimental effects on health [1,2].

Following the initiation of acute inflammation, the affected tissues present an increased blood
flow and increased permeability of blood vessels; monocytes extravasate to the affected regions
and are transformed into macrophages. Macrophages are responsible for antigen presentation
and phagocytosis and modulate the immune response through induction of cytokine, chemokine,
and growth factor production [1,3]. Macrophages form different subsets depending on the activating
signals. Lipopolysaccharides (LPS), interferon gamma (IFN-y), or interleukin 1 beta (IL-1) activate
M1-type macrophages. These macrophages are known to generate reactive oxygen species (ROS)
and to produce proinflammatory cytokines, such as interleukin 6 (IL-6), interleukin 12 (IL-12), IFN-y,
and tumor necrosis factor alpha (TNF-«) [4]. M2-type macrophages are activated by interleukin 4
(IL-4), interleukin 10 (IL-10), or interleukin 13 (IL-13). These macrophages participate in the halting of
inflammatory processes and promote tissue recovery through the production of anti-inflammatory
mediators, including IL-10, transforming growth factor beta (TGF-f3), and IL-1 receptor antagonists [5].

Envenomation by snakes of the family Viperidae is associated with both local and systemic effects.
Local effects include severe tissue damage, necrosis, hemorrhage, and inflammation of the affected area.
Systemic effects are related mainly to the action of snake venom proteins on the cardiovascular system
and hemostasis [6,7]. The inflammatory response caused by Viperidae snake venoms is attributed
primarily to phospholipase Ajs (svPLA;s), snake venom metalloproteinases (SVMPs), and L-amino
acid oxidases (LAAOs) contained in the venom. Furthermore, hyaluronidases, nucleases, nucleotidases,
phosphomonoesterases, and some nonenzymatic toxins found in snake venoms contribute to the
inflammation-inducing effect [8].

Snake venom PLA;s are proteins that hydrolyze phospholipids at the sn-2 position, generating
lysophospholipids and free fatty acids, including arachidonic acid [9,10]. Arachidonic acid functions
as substrate for the synthesis of various proinflammatory mediators, such as leukotrienes (LT),
thromboxane A; (TXAjy), prostacyclin, and prostaglandins (PG). Thus, the inflammatory effect of
svPLA;s can be directly linked to their enzymatic activity [11-13]. However, there are reports
of catalytically inactive svPLAjs capable of inducing inflammation and nociceptive responses,
suggesting the existence of other inflammation-inducing mechanisms not related to the arachidonic
pathway [14-16].

Snake venom metalloproteinases (SVMPs) are zinc-dependent enzymes responsible for the
hemorrhagic, necrotic, and inflammatory effects of snake venoms [17]. Local effects frequently
associated with SVMP administration include edema formation, hyperalgesia, leukocyte infiltration,
and mast cell degranulation [7,8,18]. SVMP treatment has been associated with the release of various
inflammatory mediators, such as IL-1§3, IL-6, IL-10, prostaglandin E2 (PGE,), and TNF-« [12,19,20].

L-amino acid oxidases (LAAOQOs) are flavoproteins that catalyze the oxidative deamination of
L-amino acids to x-keto acids. The oxidative process leads to the formation of hydrogen peroxide
and ammonia. The release of hydrogen peroxide is linked to the apoptotic, cytotoxic, hemorrhagic,
and edema inducing effect of LAAOs [8,21]. Furthermore, recent studies have demonstrated that
administration of purified LAAOs induces the release of several proinflammatory mediators, such as
IL-6, IL-8, TNF-&, PGE,, and leukotriene B4 (LTBy) [22-24].

European venomous snakes are representatives of the genera Vipera. Among this genera,
the most venomous species is the Vipera ammodytes (nose-horned viper) with its two subspecies,
V. ammodytes ammodytes and V. ammodytes meridionalis [25]. This species is widespread in southern
Europe, from central and northern Italy to southern Austria, through the Balkans and southern
Romania to north-eastern Turkey and southern Caucasia [26]. The most frequently recorded effects
of envenomation by V. ammodytes are local tissues damage, local and systemic hemorrhage, and to a
smaller extent, neurotoxicity [27]. These effects may lead to permanent sequelae and organ function
loss and in severe cases, envenomation might have lethal outcomes. Although the frequency of
envenomation by V. ammodytes recorded in Europe is less than that of envenomation caused by other
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2.2.1. Upregulation of Interleukin-Related Genes

Our results showed that ILIA and IL1B genes presented a significant upregulation, with a mean
fold change of 4.67 and 7.21, respectively. These genes encode two members of the IL-1 family:
interleukin 1 alpha (IL-1cx) and beta (IL-13). The IL-1 family of cytokines has a major role in the
initiation and regulation of inflammation. These cytokines possess a pronounced proinflammatory
effect and are capable of inducing the expression of several other cytokines and chemokines, including
IL-8 [33,34]. Our findings partially correlate with data available in the literature, as increased levels of
IL-1B have frequently been reported following administration of snake venoms [35,36], svPLA»s [13,37],
or SVMPs [12,20]. However, the expression of IL-1«x following envenomation with snake venoms has
not yet been the focus of research. Our finding that its gene is similarly upregulated as that of IL-13
suggests that IL-1a might have a pivotal role in the inflammatory process.

IL-10 is an immunosuppressive and anti-inflammatory cytokine that regulates and restrains the
inflammatory response by limiting the production of cytokines and chemokines in macrophages and
dendritic cells as well as by downregulating the expression of several chemokine receptors [34,38].
Increased IL-10 concentrations have been detected in human patients following envenomation with
Daboia russelii venom [39] as well as in mice after administration of Crotalus durissus terrificus [40] and
Bothrops spp. venom [41]. Furthermore, several studies have found that administration of SVMPs
and svPLA;s isolated from Bothrops species leads to a marked increase in IL-10 expression [12,18,19].
The expression of IL-10 provides evidence that snake venoms are capable of modulating the expression
of both pro- and anti-inflammatory cytokines. In accordance with these results, we report a significant
upregulation of the IL10 gene (5.32-fold) following treatment with VaaV.

We found an approximately 1.4-fold increase in the expression of IL16, the gene encoding
interleukin 16 (IL-16). IL-16 is a proinflammatory cytokine that functions as a chemoattractant for
CD4" and CD8* T cells [34,42]. The expression level of IL16 in our study is a noteworthy finding,
considering the increase of IL-16 levels has not been associated with the effects of snake venoms.

2.2.2. Downregulation of Interleukin-Related Genes

Among the studied genes, we observed the downregulation of two interleukin-encoding
genes—IL18 and IL12A—responsible for the expression of interleukin 18 (IL-18) and interleukin
12 subunit alpha (IL-120), respectively. Although statistically not significant, the results also show an
indicative trend of downregulation for IL12B, the gene responsible for the expression of interleukin 12
subunit beta (IL-12f).

We identified a few cases of increased expression of IL-12 following administration of snake
venoms or its components [43-45] but did not find any reports regarding the expression of IL-18.
As both IL-12 and IL-18 induce the production of IFN-y [34], the downregulation of the genes encoding
these cytokines supports our findings regarding the lack of expression of IFNG, the gene responsible
for encoding IFN-y.

2.2.3. Upregulation of Chemokine-Related Genes

A marked upregulation following treatment of U937 cells with VaaV was observed for IL§
(6.97-fold increase), the gene encoding interleukin 8 (IL-8). The marked increase in IL8 expression
suggests that IL-8 might be a significant mediator of inflammatory processes induced by snake venom.

IL-8, or C-X-C motif chemokine ligand 8 (CXCLS), is a member of the CXC chemokine family.
Its main function involves the recruitment of neutrophils to the site of injury or infection but also
functions as a potent chemoattractant for other cell types, including basophils, eosinophils, NK cells,
and T cells [34,46]. Release of IL-8 from neutrophils has been reported following in vitro treatment of
human neutrophils with Bothrops bilineata venom [47] and Cr-LAAO, an L-amino acid oxidase isolated
from Calloselasma rhodosthoma [22].
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2.2.4. Upregulation of Interferon-Related Genes

Interferon alpha (IFN-«) and interferon beta (IFN-f3) are members of a highly related protein
group called type I interferons (IFN-I). The main function of IFN-I consists of the induction of
antiviral responses in cells through different mechanisms [48]. One of these mechanisms involves the
direct activation of CD4" and CD8" T cells and dendritic cells and the subsequent release of various
cytokines [49,50].

Our results showed a marked increase in the interferon-related gene IFNB1 (2.7-fold), the gene
responsible for the expression of IFN-f3. Although statistically not significant, the results also show
an indicative trend of upregulation for IFNA2 (6.57-fold), the gene responsible for the expression
of a variant of IFN-o. To the best of our knowledge, we are the first to report the upregulation of
interferon-related genes in connection with snake venoms that may support the antiviral activity of
certain snake venom components, as suggested by previous reports in other contexts [51,52].

2.2.5. Upregulation of Tumor Necrosis Factor-Related Genes

The tumor necrosis factor superfamily represents a group of cytokines that play an important
role in inflammatory processes, immunity and cell proliferation, differentiation and apoptosis, and
the formation of secondary lymphoid organs. Tumor necrosis factor alpha (TNF-«) is secreted by
macrophages in the acute phase of an inflammation, while lymphotoxin alpha (LT-«, TNF-) is
produced by activated type 1 T helper (Th1) lymphocytes. Both have a pronounced proinflammatory
effect and have a significant role in cell apoptosis and tissue necrosis [53-55]. The latter is also involved
in peripheral lymphoid organogenesis [56].

We found that TNF, the gene encoding TNF-«, showed an approximately 1.6-fold increase
following the treatment of cells with VaaV. The increase in TNF expression was to be expected,
considering high levels of TNF-o have been observed in numerous experiments involving snake
venoms. These experiments used either crude snake venoms [11,35,36,40,43] or isolated snake venom
proteins, including SVMPs [19,20,57], svPLAs [13,37,44], or LAAOs [23,58].

2.3. Limitations of the Study

The study design does not allow for the differentiation between the primary effect on gene
expression induced directly by VaaV and the secondary effect on gene expression caused by the
cytokines released following the action of VaaV treatment.

Furthermore, the use of unfractionated VaaV venom in the study does not allow the determination
of the contribution to the overall observed effect by individual components contained in the venom.
However, the current study design can be easily adapted to measure the effect of individual proteins
on gene expression.

3. Conclusions

We report the influence of Vipera ammodytes ammodytes venom on the expression of a large
number of inflammation-related genes in monocytes/macrophages. Various authors have reported the
increased expression of IL-1§3, IL-6, IL-8, IL-10, and TNF-« cytokines as a consequence of administration
of snake venoms or the components thereof. We determined that the genes related to these cytokines,
except the gene encoding IL-6, were markedly upregulated in our experiment. Thus, our findings come
as supportive information for previous observations. Furthermore, we identified other upregulated
genes, namely IL1A, IL16, IFNA2, and IFNBI. To the best of our knowledge, the cytokines encoded by
these genes have not been previously associated with the effect of snake venoms or their components.
Additionally, we report the downregulation of several interleukin-related genes, namely IL12A, IL12B,
and IL18. Better understanding of the mechanisms and mediators involved in the inflammatory
response following envenomation with snake venoms could be of potential use in the development of
targeted venom antiserums.
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4. Materials and Methods

4.1. Snake Venom

Lyophilized Vipera ammodytes ammodytes venom was obtained from the Institute of Immunology,
Zagreb, Croatia. A stock solution with a concentration of 10 mg/mL was prepared by dissolving the
lyophilized VaaV in phosphate buffered saline (PBS) (Lonza, Basel, Switzerland).

4.2. Cell Line

U937 cell line was purchased from the American Type Culture Collection (ATCC CRL-1593.2™)
and cultured in RPMI-1640 medium (Lonza, Basel, Switzerland) supplemented with 5 mL L-glutamine
(Lonza, Switzerland), 10 mL penicillin/streptomycin (Lonza, Basel, Switzerland), and 50 mL fetal
bovine serum (FBS) (EuroClone, Milan, Italy). Cell cultures were maintained in a 5% CO, atmosphere
at 37 °C for 72 h. Cell viability before treatment was assessed using Olympus CKX41 microscope
(Olympus, Tokyo, Japan).

4.3. Treatment of Cells

U937 cell cultures were each treated with 1.0, 3.0, 10, 30, and 100 pug/mL VaaV solution for 48 h.
Cells incubated without treatment were used as negative control. Following incubation, cell viability
was assessed microscopically. Cells deemed viable were collected in RA1 lysis buffer (Macherey-Nagel
GmbG, Diiren, Germany) and stored at —80 °C until further analysis.

4.4. RNA Isolation and cDNA Construction

To determine the expression of genes associated with the human cytokine network, total RNA
was isolated from cell cultures treated with 1.0 ng/mL VaaV solution and untreated cell cultures
(negative control). Total RNA was isolated using a NucleoSpin RNA II kit (Macherey-Nagel, Diiren,
Germany) based on the manufacturer’s recommended protocol. The obtained RNA concentrations
were determined using a Nanodrop 2000 spectrophotometer (Thermo Fischer Scientific, Waltham,
MA, USA). The isolated RN A was reverse transcribed to cDNA with a PikoReal 96 Real-Time PCR
System (Thermo Scientific, Waltham, MA, USA) using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. The PCR
program used for cDNA synthesis consisted of sample incubation for 2 min at 50 °C and 10 min at
95 °C, followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s.

4.5. RT-gPCR

Gene expression was determined using a TaqMan® Array Human Cytokine Network 96-well
Plate (Part No. 4414255, Applied Biosystems, USA). The TagMan® Array Plate contains 28 assays for
genes associated with pro- and anti-inflammatory cytokines and four assays for candidate endogenous
control genes.

The quantitative real-time PCR amplification was performed on a 7500 Real-Time PCR System
(Applied Biosystems, USA) in a 20 puL volume containing TagMan Universal PCR Master Mix
(Applied Biosystems, USA) and the cDNA samples. The PCR program used consisted of sample
incubation for 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles at 95 °C for 15 s and 60 °C for
1 min. All assays were plated in triplicate. The obtained amplification data was evaluated using the
7500 Software v2.0.6 (Applied Biosystems, USA). Calculations and statistical analysis of the results
was performed using Graphpad Prism software (version 6.0), GraphPad Software, La Jolla, CA, USA).

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6651/10/7/259/s1,
Figure S1: Monocyte cells treated with 1.0 ug/mL VaaV solution showing differentiation towards macrophage
lineage as suggested by adherent polygonal cellular shape and growth arrest. Figure S2: Viable monocytes,
lacking signs of differentiation following incubation without treatment, serving as negative control. Table S1: RQ
values measured following treatment of U937 cells with 1.0 pg/mL VaaV. All assays were plated in triplicate.


http://www.mdpi.com/2072-6651/10/7/259/s1

Toxins 2018, 10, 259 7 of 10

Untreated cells served as reference (negative control). Mean RQ, standard error, and 90% confidence interval
(using t-distribution for small set of samples) were calculated if at least two values were measured.
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With thymic senescence the epithelial network shrinks to be replaced by adipose tissue.
Transcription factor TBX-1 controls thymus organogenesis, however, the same TBX-1
has also been reported to orchestrate beige adipose tissue development. Given these
different roles of TBX-1, we have assessed if thymic TBX-1 expression persists and
demonstrates this dualism during adulthood. We have also checked whether thymic
adipose involution could yield beige adipose tissue. We have used adult mouse and
human thymus tissue from various ages to evaluate the kinetics of TBX-1 expression, as
well as mouse (TEP1) and human (1889c) thymic epithelial cells (TECs) for our studies.
Electron micrographs show multi-locular lipid deposits typical of beige adipose cells.
Histology staining shows the accumulation of neutral lipid deposits. gPCR measurements
show persistent and/or elevating levels of beige-specific and beige-indicative markers
(TBX-1, EAR-2, UCP-1, PPAR-gamma). We have performed miRNome profiling using
gPCR-based QuantStudio platform and amplification-free NanoString platform. We have
observed characteristic alterations, including increased miR21 level (promoting adipose
tissue development) and decreased miR34a level (bias toward beige adipose tissue
differentiation). Finally, using the Seahorse metabolic platform we have recorded a
metabolic profile (OCR/ECAR ratio) indicative of beige adipose tissue. In summary,
our results support that thymic adipose tissue emerging with senescence is bona fide
beige adipose tissue. Our data show how the borders blur between a key immune
tissue (the thymus) and a key metabolic tissue (beige adipose tissue) with senescence.
Our work contributes to the understanding of cross talk between the immune system
and metabolism.

Keywords: thymus senescence, beige adipose tissue, TBX-1, UCP-1, PPARgamma

INTRODUCTION

In human the degenerative process of thymic adipose involution is already detectable in childhood
and accelerates with puberty due to hormonal (sex-steroid) induction (1-3). The process shows
identical kinetics in mouse. Also, we have developed a model whereby TECs are treated by a steroid
(using Dx or dexamethasone) thus both in vivo and in vitro model systems are readily available
(4) As for all adipose tissues subtypes, thymic adipose involution is orchestrated by transcription
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factor PPARgamma (5-7). It is estimated that by the age
of 50 years in human (approx. 12 months in mouse), the
thymus loses approx. Ninety percent of its function: naive T-
cell production (8, 9). The consequences of impaired thymus
function are profound: elevated incidence of infections, cancer
and autoimmune disorders observed at senior ages (10, 11). This
poses a significant burden on health-care and health-insurance
systems, while simultaneously lowering the quality of life in
the elderly.

Transcription factor TBX-1 is a key molecular player in
the formation of the third pharyngeal pouch involved in
thymus organogenesis during embryonic development (12).
Human patients with 22q11.2DS impairing TBX-1 often have
thymus hypoplasia or aplasia. In accordance, Tbx-1""!! mice
develop severe pathologies in tissues derived from the third
pharyngeal pouch, including hypoplasia of the thymus (13, 14).
In these cases, impaired thymus organogenesis leads to deficient
thymocyte development, naive T-cell production, and immune
functions (15). However, recently it has also been reported that
the role of TBX-1 in thymus organogenesis is more complex.
Ectopic expression of TBX-1 may suppress transcription factor
FoxN1, the mastermind of thymic epithelial identity (16). The
issue was investigated in the embryonic setting, but the potential
role of persistent TBX-1 expression during adulthood has not
been addressed.

TBX-1 has another pivotal role in the development and
function of a recently described subtype of adipose tissue:
beige adipose tissue (17-20). White adipose tissue stores
energy, brown adipose tissue generates heat (via NST or
non-shivering thermogenesis), while beige adipocytes act as
intermediates. Beige adipocytes respond to adrenergic stimuli
by thermogenesis (21). TBX-1 is considered as a beige-specific
marker, but other beige-indicative markers have also been
described. Mitochondrial uncoupling proteins (mostly UCP-1)
have been reported to be expressed by brown / beige adipose
tissue. EAR2 (also known as Nr2{6) was reported to efficiently
promote adipose tissue development with beige bias, while
CD137 (also known as Tnfrsf9) is an acknowledged beige
adipocyte surface marker (22).

The adult thymus expresses TBX-1 and UCP-1 in the stromal
compartment, both known to promote beige adipose tissue
development. Yet to date thymic adipose tissue that develops
with age has not been accurately positioned on this white-beige-
brown continuum of adipose tissue subtypes, despite recent
cellular analysis from an adipocyte perspective (23-26). For
this reason, we have characterized senescence-related thymic
adipose tissue using molecular, cellular and histological markers,
at structural and ultra-structural levels, using both mouse and
human samples. Additionally, we have also performed metabolic
profiling and complete miRNome analysis using both PCR-based
and amplification-free platforms.

METHODS

Cell Cultures
For in vitro experiments primary-derived (BALB/c) thymic
epithelial cells were used (TEP1) as reported previously (cell

source: Prof. G. Anderson, University of Birmingham, UK) (27).
Briefly, the cells were cultured in DMEM (Dulbecco’s Modified
Eagle’s medium Lonza) supplemented with 10% FCS, penicillin,
streptomycin and B-mercapto-ethanol. Human thymus-derived
1889¢ thymic carcinoma cells were cultured in RPMI 1640
(Roswell Park Memorial Institute medium, Lonza) containing
10% FCS, penicillin, streptomycin, L-Glutamine and Hepes (28,
29). Adipose differentiation of TEP1 and 1889c cells was induced
by steroid treatment. Briefly, experiments differentiation was
induced by dexamethasone alone (Dx) as added to complete
DMEM and RPMI medium. Cells were treated with Dx at a final
concentration of 1 WM for 1 week.

Animal Samples

Thymus lobes were used from C57BL/6] miceat 1, 6, 8, 12, 14, 18,
and 21 months of age. Mice were housed under minimal disease
(MD) conditions. Animal rooms were ventilated 15 times/h with
filtered air, mice received autoclaved pellet diet (Altromin VRF1)
and tap water ad libitum. The cages contained sterilized bedding.
Room lighting was automated with 12h light and 12h dark
periods. Room temperature was 21 £ 2°C, relative humidity
was between 30 and 60%. Mice were kept in the Laboratory
Animal Core Facility of the University. Experimental procedures
were carried out according to the “1988/XXVIII act of the
Hungarian Parliament on Animal Protection (243/1988)” which
complies with recommendations of the Helsinki Declaration. All
animal experiments were performed with the consent of the
Ethics Committee on Animal Research of the University (ref.
no.: #BA02/2000-46/2016).

Enrichment of Primary Cells

Mouse thymic epithelial cells were isolated by MACS cell
separation. Briefly, mouse thymic lobes (1 month-old or 12
month-old) were digested with type F collagenase from C.
hystolyticum (3mg/ml, Sigma-Aldrich) for 2h, with stirring
in every 20min, then washed with DMEM. Cell suspensions
were then labeled with anti-EpCAMI1 antibody (1:100, rat
monoclonal antibody clone: G8.8) and washed with MACS-
buffer (2% FCS, 1mM EDTA in PBS) followed by incubation
with Dynabeads sheep anti-rat IgG-coated beads (Invitrogen)
The EpCAM+--cells were separated with EasySep column-free
cell isolation platform (Stemcell Technologies) according to the
manufacturer’s instructions. Isolated cells were used for total
RNA isolation and subsequent qPCR analysis.

Human Thymus Samples

Formalin-fixed, paraffin-embedded (FFPE) human thymus
samples from 18, 23, 42, 44, and 58 years of age were
provided by the Department of Pathology, Faculty of Medicine,
University of Pecs, Hungary. Experiments involving human
samples were performed with the consent of the Regional and
Local Ethics Committee of Clinical Center of the University (ref.
no.: 6069/2016) according to their guidelines. All subjects gave
written informed consent in accordance with the Declaration
of Helsinki.
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Transmission Electron Microscopy

Cells were harvested and pelleted then fixed with PBS containing
2.5% glutaraldehyde overnight at 4°C. Following fixation,
pellets were mixed in 3% porcine gelatin (Sigma-Aldrich).
Hardened small blocks of approximately 1 mm?
Blocks were post-fixed in 1% osmium-tetroxide in PBS for
1h at 4°C and dehydrated with increasing concentration of
ethanol. Uranyl-acetate (1%) was added in 70% ethanol to
increase contrast. After complete dehydration in ascending
ethanol series, blocks were transferred to propylene-oxide
twice for 4min. Then blocks were immersed in the mixture
of propylene-oxide and Durcupan resin (Sigma-Aldrich) for
30 min. Later blocks were placed into Durcupan-containing tin-
foil boats overnight, and embedded into gelatin capsule filled
with Durcupan resin (Sigma-Aldrich). Following polymerization
and hardening of the resin at 56 °C for 72h, semi thin
sections were cut with Leica Ultracut ultramicrotom, mounted
on glass slides, stained with toluidine-blue and examined
with Olympus BX50 light microscope. Then serial ultra-
thin sections were cut by ultramicrotom, and mounted on
mesh grids. Ultra-thin sections were contrasted by uranyl-
acetate and lead-citrate, and examined using JEOL 1200EX-II
electron microscope.

were cut.

Immune-Histochemistry

Human thymus lobes were fixed in paraformaldehyde (4% PFA
in PBS) then paraffin embedded. 5um thick sections were
stained with immunohistochemistry method as described earlier
(30). First, slides were rinsed in heated xylene then washed
with a descending series of alcohol. After deparaffinization
slides were rehydrated and antigen retrieval was performed in
Target Retrieval Solution (pH 6 DAKO) at 97°C for 20-30 min.
Following wash in dH, O and endogenous peroxidase activity was
blocked with 3% H,O, in TBS (pH 7.4) for 15 min. Then slides
were washed with TBS containing Tween (0.05%, pH 7.4). Pre-
blocking was carried out with 3% BSA in TBS for 20 min followed
by overnight incubation with a-TBX-1 (1:100, rabbit polyclonal
antibody, Sigma-Aldrich) primary antibody at 4°C. After the
incubation slides were washed with TBS then incubated with
peroxidase conjugated secondary antibody (1:100, Polyclonal
Goat Anti-Rabbit IgG, DAKO) for 90min. Labeling was
visualized with liquid DAB Substrate Chromogen System
(DAKO). Hematoxylin served for nuclear counterstaining. Slides
were mounted with Faramount Aqueous Mounting Medium
(DAKO). Histological evaluation was performed with Panoramic
MIDI digital slide scanner (3DHistech) and images were
captured with CaseViewer. Image analysis was made with
Image] / ITHC toolbox.

Immune-Fluorescent Staining

Immune-fluorescent staining was performed on 8um cryostat
thymus sections. Cytospin technique was used to spin TEP1
and 1889c cells onto glass slides (4). Slides were fixed in
cold acetone, then dried and blocked using 5% BSA in PBS
for 20min before staining with fluorochrome conjugated or
primary antibodies: a-EpCAM-FITC (1:100, clone: G8.8,), a-
UCP-1 (1:100, rabbit polyclonal antibody, Abcam) a-TBX-1

(1:100, rabbit polyclonal antibody, Sigma-Aldrich), a-PPAR-
gamma (1:100, rabbit monoclonal antibody, Cell Signaling
Technology). For secondary antibody Alexa-555 conjugated a-
rabbit goat IgG (1:200, Life Technologies) was used. Fluorescent
lipid staining was performed on paraformaldehyde (4%) fixed
TEP1 and 1889c cytospin slides with LipidTOX Red dye (1:200,
Invitrogen). For nuclear counterstain DAPI (Life Technologies)
was used. Sections were imaged using a Nikon Eclipse Ti-U
microscope equipped with a CCD camera (Andor Zyla 5.5) and
NIS-Elements software.

Metabolic Profiling

The use of TEP1 cells for Seahorse metabolic profiling
was started by pilot experiments for optimal starting cell
number, duration of differentiation, differentiation medium
etc. Accordingly, 15,000 cells/well were cultured for 9 days
using standard MDI differentiation protocol (31). This was
followed by the evaluation of their metabolic profile using
the Seahorse XF 96 platform (Seahorse Bioscience). Cells
were plated into Seahorse cell plates at confluence and were
left to attach overnight. The next day, cells were subject to
oxymetry measurement. After recording baseline oxygen
consumption cells were treated with butyril-cAMP (500 wM),
oligomycin (2 M), and antimycin (10 wM). Antimycin-resistant
oxygen consumption was considered as background and was
subtracted from all values. Baseline oxygen consumption,
membrane leak (OCR, after oligomycin treatment) was
calculated. Glycolysis was assessed through the extracellular
acidification value (ECAR, before oligomycin treatment) and
the ECAR/OCR values were calculated. Negative values were
omitted in calculations.

RNA Isolation, cDNA Preparation,

qRT-PCR, TagMan Array

Total RNA of enriched thymic epithelial cells, TEP1 and
1889c cells was isolated with the NucleoSpin RNAII kit
(Macherey-Nagel). cDNA was prepared using the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems). For
qPCR analysis the StepOnePlus (Applied Biosystems) platform
was used with SensiFAST SYBR Hi-ROX Mix (Bioline)
as well as PikoReal™ Real-Time PCR System (Thermo
Fisher Scientific) using Luminaris Color HiGreen qPCR
Master Mix (Thermo Fisher Scientific) (for primer list see
Table 1). Gene expression was normalized to B-actin, GUSB
and HPRT1 housekeeping genes. Reverse transcription of
1889c RNA samples for miRNA analysis was completed with
Megaplex™ RT Primers specific to human Pool A (Cat.
No.: 4399966) and Pool B (Cat. No.. 4444281). MiRNA
profiling was performed on Applied Biosystems Quantstudio™
12K Flex Real-Time PCR System platform using TagMan™
Array Human MicroRNA A (Applied Biosystems, Cat. No.:
4398965) and B Card (Applied Biosystems, Cat. No.: 4444910)
containing 6 housekeeping genes (RNU44, RNU48, ath-miR159a
and 4 U6 snRNAs) and 377 human miRNAs. Additionally
600 ng of total RNA was mixed with TaqMan™ Fast
Universal PCR Master Mix (2X), no AmpErase™ UNG
(Applied Biosystems, Cat. No.: 4364103) for each array
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TABLE 1 | List of mouse and human primer sequences.

Gene Mouse primer sequence Human primer sequence
Name

Actin-for ~ GGGAGGGTGAGGGACTTCC ~ GCGCGGCTACAGCTTCA
Actin-rev. TGGGCGCTTTTGACTCAGGA  CTTAATGTCACGCACGATTTCC
GUSB-for AAATGGAGTGCGTGTTGGGT  GATGCTGTACCCCCAGGA
GUSB-rev  CGGTACCATTGCTGCTCGAA  GTCGGTTGTCAGAGAAGTCG
HPRT-for  TTGCTCGAGATGTCATGAAGGA CTGGCGTCGTGATTAGTGAT
HPRT-rev  ATGTAATCCAGCAGGTCAGCA ACATCTCGAGCAAGACGTTC
CD137-for CGTGCAGAACTCCTGTGATAAC CCTGAGCTACAAAGAGGACAC
CD137-rev. CTCCACCTATGCTGGAGAAGG GTGCAGCGCAAGTGAAAC
Ear2-for ~ CCTGTACCCCAGAACTCCA GCAAGCATTACGGTGTCTTC
Ear2-rev.  CAGATGAGCAAAGGTGCAAA  GATCTGGCAGTCACGGTTG
PPARg-for TGTCTCACAATGCCATCAGGT GGTGGCCATCCGCATCT
PPARg-rev. TCTTTCCTGTCAAGATCGCCC GCTTTTGGCATACTCTGTGATCTC
TBX1-for GGCAGGCAGACGAATGTTC  CTACGACCACTATCTCGGGG
TBX1-rev  TTGTCATCTACGGGCACAAAG TGGGGCAATAGTCGTAGGAG
UCP1-for GGCCTCTACGACTCAGTCCA  ACAATCACCGCTGTGGTAAA
UCP1-rev TAAGCCGGCTGAGATCTTGT  GTAGAGGCCGATCCTGAGAG

card. Gene expressions were analyzed using Expression Suite
Software version 1.1.

NanoString System Assay

One hundred nanogram of total RNA was used to detect
up to 800 miRNA targets with nCounter SPRINT Profiler
(NanoString Technologies) using nCounter® Human v3
miRNA Expression Assay. Sample preparation was performed
with nCounter® CodeSet (NanoString Technologies) following
annealing, ligation and purification. Hybridization protocol was
completed at 65°C and 12 h long according to the manufacturer’s
instructions. Quantified data was analyzed using nSolver™
Analysis Software version 4.0. Threshold count was determined
using negative controls as background noise. Gene expression
changes were visualized on heat map using GraphGad Prism
version 7.04.

Statistical Analysis

All experiments were performed at least on three occasions,
representative experiments are shown. Measures were obtained
in triplicates, data are presented as mean and +SD as error
bars. For statistical analysis GraphPad Prism software and
SPSS Statistics version 22.0 was used. To evaluate the kinetics
of TBX-1 expression with age in both mouse and human
samples normality distribution was tested using Shapiro-Wilk
test (n < 50). In case of human samples our data met the
assumption of homogeneity of variances, so parametric one-way
ANOVA with Tukey’s honestly significant difference (HSD) post
hoc test was used. To determine the significant differences of
mouse samples non-parametric Kruskal-Wallis test was used. For
further cases two-tailed student’s ¢-test was applied. Significant
differences are shown by asterisks (ns for p > 0.05, *p <0.05,
*p < 0.01, **p < 0.001).

RESULTS

Aging and Steroid-Induced TECS Show
Beige Adipocyte Markers

Thymic senescence is accompanied by the appearance of
adipose tissue. Mediastinal location and local FGF21 production
are characteristic to the thymus and both were reported to
promote beige adipose tissue development (23-25). For this
reason we searched for the up-regulation of beige adipocyte
markers in the adult thymus tissue and its model system:
steroid-induced TECs.

Aging Up-Regulates key Beige Adipocyte Marker in
Human Thymus Tissue

Using a pilot set of human thymic FFPE samples of various
adult ages (18, 23, 42, 44, and 58 years) we performed immune-
histochemistry staining for beige adipose tissue-specific marker
TBX-1 (Figures 1A-E). TBX-1 expression (enzyme reaction in
brown) appears to persist throughout adulthood. Normalization
to hematoxylin nuclear counterstain (in blue) shows that TBX-
1 staining intensity transiently decreases at young adult age (23
years) to show rebound at later ages (Figure 1F). In other words:
TBX-1 expression may present a bimodal nature with elevations
at both young and adulthood ages and an in-between transient
decrease during young adulthood. The histological appearance
of adipocytes is observed from 44 years of age onwards in
this series.

Further Beige Adipocyte Markers Are Also
Up-Regulated in Steroid-Induced Human TECs

As reported previously molecular level events are similar in the
aging thymus and steroid-induced TECs in the mouse setting
(4, 6). Accordingly, Dx-treatment significantly up-regulated
(p < 0.01) pan-adipocyte marker PPAR-gamma expression
in the human 1889c TEC line (Figures2A,B,I). We have
evaluated 1889c human TECs for the expression of beige-
specific and beige-indicative protein markers as well following
Dx-treatment. Similar to human thymus sections above, 1889¢
cells showed persistent and increasing (p < 0.05) TBX-1
expression following Dx-treatment (Figures2C,D,I). UCP-1
expression showed only indicative (not significant) increase
upon Dx-treatment (Figures 2E,EI). Lipid accumulation was
also tested, using a fluorescent dye (LipidTox Red) specific
for neutral lipid deposits. The staining showed that Dx-
treatment triggers significant (p < 0.05) accumulation of neutral
lipid deposits (Figures 2G-I) in harmony with our previous
reports (4, 6).

Aging Up-Regulates key Beige Adipocyte Marker in
Mouse Thymus Tissue

Using a pilot set of mouse thymic cryosections of various
ages (1, 6, 8, 12, 14, 18, and 21 months) we performed
immune-fluorescent staining for beige adipose tissue-specific
marker TBX-1 (Figures 3A-G). TBX-1 expression (in red)
appears to persist throughout adulthood in the mouse similar
to human above. EpCAM-1 staining (in green) shows medullary
areas to demonstrate histological organization. Normalization
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FIGURE 1 | Kinetics of TBX-1 expression in the adult human thymus with age. Human thymic FFPE sections from different ages (18, 23, 42, 44, and 58 years) were
evaluated by immune-histochemical staining (A-E), respectively. Brown color reaction (DAB) shows TBX-1 expression along with hematoxylin nuclear
counter-staining. Please note signs of adipose degeneration (vacuoles) at elevated ages. TBX-1 staining was normalized to nuclear counter-stain and is shown as
relative value (F). Please note that relative TBX-1 expression shows a transient decrease at young adult age (23 years of age). Significant differences are shown by
asterisks (*p < 0.01, **p < 0.001). Data were calculated from three slides and representative slide is shown. For exact numerical values and standard error of mean

please refer to Supplementary Data Sheet.

to DAPI nuclear counterstain (in blue, not shown here) reveals
that TBX-1 staining intensity transiently decreases at adult
mid-term (12-14 months) to show rebound at senior ages
(Figure 3H). In other terms: TBX-1 expression potentially
appears to be bimodal in the mouse as well showing elevation
at both young and senior ages with a transient in-between
decrease during adulthood. Murine kinetics of TBX-1 expression
resembles the previously shown human kinetics but with higher
resolution in time. Please note medullary involution observed
from 14 months of age onwards in line with our previous
reports (4, 6).

Further Beige Adipocyte Markers Are Also
Up-Regulated in Steroid-Induced Mouse TECs

As reported previously focusing on PPARgamma expression
molecular level events are similar in the aging thymus and
steroid-induced TECs in the mouse setting (4, 6). We have
evaluated TEP1 mouse TECs for the expression of beige-
specific and beige-indicative protein markers after Dx-treatment.
TEP1 cells showed persistent, unchanged TBX-1 expression
following Dx-treatment (Figures4A,B,I). UCP-1 expression
showed significant (p < 0.01) increase following Dx-treatment
(Figures 4C,D,I). Lipid accumulation was also tested (LipidTox
Red as above). The staining showed that Dx-treatment results
in significant (p < 0.05) accumulation of neutral lipid deposits

(Figures 4E,EI) in accordance with our previous reports (4,
6). Ultra-structural imaging by TEM shows the appearance
of multi-locular intracellular lipid deposits (indicated by
asterisks) upon Dx-treatment, reminiscent of beige adipose tissue
(Figures 4G,H).

Steroid-Induced TECs Show Beige
Adipocyte Metabolic Profile

There is a significant difference between white, brown and beige
adipose tissue metabolic traits. In search of further evidence
we have characterized the metabolic fingerprint of Dx-induced
mouse TECs (TEP1).

The metabolic fingerprint of TEP1 cells treated with Dx (as
part of MDI differentiation medium) was assayed using the
Seahorse platform (Figure 5). MDI cells showed significantly
higher basal OCR values compared to control cells (p < 0.001)
(Figure 5A). Of note cAMP-induced OCR was rapid (30 min
post-treatment) and lasted shorter than in previous reports
(32, 33). In line with elevated UCP-1 expression oligomycin-
resistant respiration was significantly higher in MDI cells than
in control cells (p < 0.001) (Figure 5B). Although we have
recorded increased glycolysis marked by significantly increased
ECAR values (p < 0.001) (Figure 5C), the significantly increased
ratio of basal OCR and ECAR (p < 0.001) (Figure5D) in
MDI cells suggests their dependence on mitochondrial oxidation.
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FIGURE 2 | Beige adipocyte marker expression and lipid accumulation in steroid-induced human TECs. Cytospin slides of control (Ctrl) and steroid-induced (Dx)
1889c cells were stained by immune-fluorescence. Adipose tissue mastermind transcription factor PPARgamma (A,B), beige-specific marker TBX-1 (C,D) and
beige-indicative marker UCP-1 (E,F) was evaluated in red (Alexa555). Neutral lipid deposits were stained with LipidTOX Red dye (G,H). DAPI staining was also applied
as fluorescent nuclear counter stain in all cases. PPAR-gamma, TBX-1, UCP-1 and LipidTOX staining relative to DAPI staining is also shown by histograms (I).
PPAR-gamma and TBX-1 show significant increase, UCP-1 remains unchanged, while neutral lipid deposits show significant increase following Dx-induction.
Significant differences are shown by asterisks ("p < 0.05, *p < 0.01). Data were calculated from six slides, representative slide is shown. For exact numerical values
and standard error of mean please refer to Supplementary Data Sheet.
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FIGURE 3 | Kinetics of TBX-1 expression in the adult mouse thymus with age. Murine thymic frozen sections from different ages (1, 6, 8, 12, 14, 18, and 21 months)
were evaluated by immune-fluorescent staining (A=G), respectively. Epithelial network is shown in green (EpCAM1-FITC) while TBX-1 expression is shown in red
(TBX1-Alexab55) fluorescence. Please note signs of degeneration (auto-fluorescence) at elevated ages. Please also note that TBX-1 staining pattern localizes to both
nuclear and cytoplasmic bodies in accordance with The Human Protein Atlas: http://www.proteinatlas.org/ENSG00000184058-TBX1/cell. TBX-1 staining was
normalized to DAPI nuclear counter-stain (not shown) and is presented as relative value (H). Please note that relative TBX-1 expression shows a transient decrease at
adult age (12 months of age). Significant differences are shown by asterisks (o < 0.05, **p < 0.001). Data were calculated from three slides, representative slide is
shown. For exact numerical values and standard error of mean please refer to Supplementary Data Sheet.

Taking the observed increase in basal OCR value, OCR/ECAR  possess a beige metabolic fingerprint in accordance with the
ratio, cAMP-response, and oligomycin-resistant respiration into  up-regulation of beige-specific and beige-indicative markers
consideration, these suggest that MDI-differentiated TECs  shown above.
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FIGURE 4 | Beige adipocyte marker expression and lipid accumulation in steroid-induced mouse TECs. Cytospin slides of control (Ctrl) and steroid-induced (Dx)
TEP1 cells were stained by immune-fluorescence. Beige-specific marker TBX-1 (A,B) and beige-indicative marker UCP-1 (C,D) was evaluated in red (Alexa555).
Neutral lipid deposits were stained with LipidTOX Red dye (E,F). DAPI staining was also applied as nuclear counter-stain. TBX-1, UCP-1, and LipidTOX staining
relative to DAPI staining is also shown by histograms (l). TBX-1 shows unaltered expression, while UCP-1 and lipid accumulation show significant increase following
Dx-induction. Significant differences are shown by asterisks (‘o < 0.05, **p < 0.01). Data were calculated from six slides, representative slide is shown. For exact
numerical values and standard error of mean please refer to Supplementary Data Sheet. Ultrastructure of control (Ctrl) and steroid-induced (Dx) TEP1 cells was also
evaluated by transmission electron microscopy (TEM) (G,H), respectively. Asterisks (*) show intracellular multi-locular lipid deposits following Dx-induction.
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and standard error of mean please refer to Supplementary Data Sheet.

FIGURE 5 | Metabolic parameters of steroid-induced TECs. Following pilot experiments, 15,000 cells / well were cultured for 9 days in MDI (or control) medium prior
to Seahorse measurements. Baseline OCR was recorded followed by induction with cAMP (readings every 30 min) (A). Cells were treated with oligomycin to show
oligomycin-resistant respiration indicating mitochondrial inner membrane leakage (B). ECAR was also determined (C) and the OCR/ECAR ratio was calculated (D).
Significant differences are shown by asterisks (*p < 0.01, **p < 0.001). Data were calculated from forty measurements, mean is shown. For exact numerical values

Aged and Steroid-Induced TECs Show
Beige Adipocyte Gene Expression Profile

Adult human and mouse thymus sections showed similar
histological changes with age. Likewise, mouse and human
steroid-induced TECs were also similar by immune-fluorescent
staining. Next, TECs enriched from adult mice or Dx-
treated (murine or human) TECs were subjected to gene
expression analysis.

Changes in gene expression were further tested at the mRNA
level in EpCAM1-enriched primary murine thymic epithelial
cells from senior adult age (12m) and steroid-induced TEP1
or 1889c cells for beige-specific (TBX1) and beige-indicative
genes (UCP1, CD137, EAR2) (21-26). Enriched cells showed the
up-regulation of both beige-specific and beige-indicative genes
with age (1 vs. 12 months) as TBX1, UCPI, and EAR2 all
showed significant elevation (p < 0.05 for all, Figure 6A), while
CD137 activity remained unchanged. Gene expression analysis
of mouse TEC line following Dx-treatment showed a similar
tendency. as significant increase of TBX1 and UCP1 expression
was detected (p < 0.01 and p < 0.05, respectively, Figure 6B),
while CD137 and EAR2 were not altered. Likewise, the steroid-
induced human TEC line showed significantly increased PPAR-
gamma expression (p < 0.01) as reported previously for mouse
TECs (4) and also significant increase of UCP-1 expression (p <

0.05) (Figure 6C), while CD137 and EAR2 remained identical.
Please note the harmony of in vivo and in vitro data in both
mouse and human species supporting our observations.

Steroid-Induced TECs Show Beige
Adipocyte miRNA Profile

There is a significant difference between white, brown and
beige adipose tissue miRNA profile. Seeking further evidence
we have characterized the miRNA profile of Dx-induced human
TECs (1889¢).

We have elaborated two distinct platforms (Figure?7) for
complete human miRNome analysis. For both platforms
increased copy numbers are shown in red, while decreased
copy numbers are shown in green (heat map). QuantStudio
miRNA (QS) panels (A and B, Figures 7A,B) evaluate 768
miRNA entities, while the NanoString (NS) cartridge measures
copy numbers of 880 miRNA entries (Figure7C). Of note
QS is amplification- (PCR) based while NS is amplification
free. QS provides enhanced sensitivity, NS ensures unmatched
signal-to-noise ratio. Accordingly, QS identified more miRNA
species with occasional out-of-scale activities (shown in white)
while NS recognized less species with a compressed scale of
activities relative to QS. An overlap of the recognized miRNA
species identified by at least one platform or evaluated by both
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FIGURE 6 | Beige adipocyte marker expression in aged or steroid-induced, mouse, and human TECs. Marker expression was evaluated by gRT-PCR from sorted
TECs of mice (A). TBX-1, UCP-1 and EAR-2 showed significant increase with age (1 m vs 12m). CD137 remained unchanged. Marker expression was evaluated by
gRT-PCR in Dx-induced mouse TEP1 cells (B) and human 1889c cells (C), respectively. In mouse TEP1 cells TBX-1 and UCP-1 showed significant increase with
Dx-induction. CD137 and EAR-2 did not present significant difference. In human 1889c cells PPAR-gamma and UCP-1 showed significant increase with Dx-induction.
CD137 and EAR-2 did not present significant difference. Relative quantity values (RQ) are shown where Y = 1 represents young adult (A) or control expression levels
(B,C), respectively. Significant differences are shown by asterisks (*p < 0.05, **p < 0.01). Please not that Y-axis is logarithmic. For exact numerical values and
standard error of mean please refer to Supplementary Data Sheet containing both RQ and Ct/SD values for all experiments and target genes.

platforms similarly is summarized by Table 2. The table connects
the identified miRNA species with context-relevant function
based on literature search. Of note, several of the recognized
species have relevance to thymus senescence with special
focus on adipose tissue development, epithelial-to-mesenchymal
transition, cell proliferation and senescence.

DISCUSSION

Thymic Tissue Samples and
Steroid-Induced TECs Show Beige
Adipocyte Markers

TBX-1 has been extensively studied for its role in the thymic
context during embryonic organogenesis, but not in the adult
thymus undergoing adipose involution (11-15). Using human
and mouse thymus sections we show that TBX-1 expression
persists throughout adulthood with a transient decrease in
expression (23 years of age in human and 12 months of age in
mouse) based on our pilot studies. This persistence of thymic
TBX-1 expression raises the possibility of an alternative role in
adulthood. This hypothesis is supported by reports showing
that (1) once the thymus has been formed TBX-1 suppresses
FoxN1 (key transcription factor of thymic epithelial identity)
and (2) TBX-1 has a key and specific role in beige adipose tissue
development (17-21). This plausible connection is supported by
our results as further beige-indicative markers (UCP-1, EAR2)
show increasing mRNA levels with age. This is in harmony with
the fact that the thymus resides in the mediastinum and secretes
FGF21, both reported to promote the emergence of beige adipose
tissue (25). The in vitro model system of aging (Dx-treated
mouse TEP1 or human 1889c cells) show similar molecular
and cellular changes. Immune-fluorescent histology shows the
presence of TBX-1 both in control conditions and following
Dx-treatment. UCP-1 protein expression, on the other hand,
significantly increases following Dx-treatment. Protein level data
are in accordance with mRNA results as both TBX-1 and UCP-1
showed an increase following Dx-treatment (both in mouse
and human). The above molecular changes are accompanied
by evident phenotypical changes: the appearance of typical

intracellular multi-locular neutral lipid deposits (characteristic to
brown/beige adipose tissue) as shown by LipidTox staining
and transmission electron microscopy. Taken together,
these data suggest that thymic adipose tissue emerging with
senescence and modeled by steroid-induced TECs show beige
adipocyte features.

Steroid-Induced TECs Show Beige
Adipocyte Metabolic Profile

There is profound difference between white and brown/beige
adipose tissues with respect to metabolic traits (23). Basal
respiration (OCR) is significantly lower in white fat cells than in
brown/beige fat cells. Also, UCP-mediated uncoupled respiration
rate (resistant to inhibition by oligomycin) is characteristic
to brown/beige fat cells and not observed in white fat cells
(32). Furthermore, in brown/beige fat cells cAMP-induced
mitochondrial oxidation is elevated compared to white fat cells
(33). Having analyzed these metabolic parameters, our data
suggest that adipocyte differentiation in our model system
shows beige bias as indicated by elevated basal OCR, increased
OCR/ECAR ratio, enhanced cAMP-response and oligomycin-
resistant respiration. Our metabolic readouts are in accordance
with the recorded beige adipose tissue markers, morphological
characteristics and gene expression profiles.

Steroid-Induced TECs Show Beige
Adipocyte miRNA Profile

Unbiased dual platform complete miRNome analysis identified
a number of context-relevant miRNA copy number alterations.
Of note, miR-27a and miR-106b are beige adipose tissue
regulators and miR-155 is an inhibitor of brown/beige adipose
tissue formation (36, 46, 53). From a broad pan-adipocyte
perspective, miR-128a-3p, miR-1825, miR-301a-5p, miR-30d,
miR-425-5p, miR-550a, and miR92b-3p also influence adipose
tissue formation and show changes in the current experimental
setting (40, 43, 48, 49, 54, 55, 62, 66, 67). Furthermore,
a cornerstone of thymus adipose involution: epithelial-to-
mesenchymal transition (EMT), operates via miR-105-5p, miR-
200a-3p, miR-597-5p, miR-888, and miR-99b, all demonstrating
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is shown, for exact numerical values please refer to Supplementary Data Sheet.

FIGURE 7 | miRNA profile of steroid-induced TECs. miRNA profile of Dx-treated human 1889c cells measured by Quantstudio 12K Flex Pool A (A), Pool B (B) and
NanoString nCounter SPRINT Profiler (C). Heat-map representation shows miRNA species with most significant changes in copy number. Relative quantity values are
presented (ctrl = 1). Up-regulation of miRNA species is shown in red while down-regulation is shown in green. Out-of-scale RQ values are shown in white. Pilot study

changes in copy number in steroid-induced TECs (35, 36, 50,
63, 65, 69, 70). Taking a final expansion of interest, from
a senescent perspective miR-125a-3p, miR-125a-5p, miR-15b-
5p, miR-181a-5p, miR-323-3p, and miR-331-3p affect cellular /
tissue level senescence with focus on the thymus and also show
significant changes (36, 39, 40, 45, 47, 56-58). In summary,
steroid-treatment in TECs affects the same miRNA species that
were reported in connection with senescence-related thymus
adipose involution that apparently yields beige adipose tissue.

Expanding Overlap Between Metabolism

and Immunity

Overlap of metabolism and immunity has already been raised
decades ago, and this inter-disciplinary field has recently become
a prominent research area. For example, both previous and
recent papers discussed overlap between the neuroendocrine and
immune systems with regard to melatonin (71-73). Melatonin—
mainly produced by the pineal gland, but also expressed by
the thymus in small amounts—has been reported to have
an immune-modulatory effect, enhancing immune functions
with Thl bias. Accordingly, anti-viral and anti-cancer defense
is boosted by melatonin and age-related loss of melatonin

production partly explains elevated incidence of infection
and cancer observed with senescence. Protection from cancer
metastasis development in the central nervous system (CNS)
implies proper blood-brain barrier (BBB) function (74-76). BBB
function, CNS function and immune status are all controlled
by metabolic interplays involving small molecules such as
lactate. Local tissue lactate concentration has been reported to
have important role in immune regulation, its accumulation
promoting autoimmune reactions (77, 78). Intercellular immune
modulatory signals triggered by metabolically active small
molecules are transmitted in cells through signaling pathways.
An important pathway connecting metabolism and immunity
utilizes mechanistic target of rapamycin (mTOR). It was shown
that mTOR senses certain small nutrients (amino acids) and thus
affects immune tolerance through regulatory T-cells (79, 80).
Mammalian immunity heavily relies on both the innate and the
adaptive branch. Within innate immunity macrophages have an
important role in connecting metabolism and immunity. It has
also been reported that carbohydrate metabolism significantly
affects inflammation via macrophages (81).

Carbohydrates are also basic metabolic fuels. The mammalian
immune system is a costly defense system with regard to T-cell
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TABLE 2 | Overlap of QS- and NS-based miRNA results with functional and literature annotation.

Name Up/down regulation Qs/ Function References
NS
miR-103a-3p QS A Inactivation upregulates insulin receptors in adipocytes (34)
miR-105-5p QS A, NS Epithelial to mesenchymal transition (35)
miR-106b QsSB Beige adipose tissue regulator (36)
miR-1208 QsSB Targets TGFB2 (involved in adipose tissue development) 87)
miR-1246 NS Promotes cell proliferation (38)
miR-125a-3p QS A Tissue-specific senescence (39)
miR-125a-5p QS A, NS Regulation of epithelial cell differentiation (40)
miR-126-3p QS A Insulin/IGF1 signaling pathway (41)
miR-1274a QSB Potential biomarker for Alzheimer’s Disease (42)
miR-1274b QSB Potential biomarker for Alzheimer’s Disease (42)
miR-128a-3p QS A Regulatory effect on PPARg (43)
miR-138-5p QS A Negative regulation of apoptosis (44)
miR-15b-5p QS A NS Characteristic of senescent cell derived EVs (36, 45)
miR-155 QS A Induces brown adipocyte differentiation from white adipocytes (46)
miR-181a-5p QS A NS Stress-related thymic involution 47)
miR-1825 QSB Lipid signaling (48, 49)
miR-200a-3p NS Regulates epithelial cell transformation (EMT and MET) (50)
miR-2110 NS Cellular development, cell-mediated immune response (51)
miR-2116-5p NS Regulatory function in colorectal cancer (52)
miR-25-3p QS A, B, NS Modulator of the Wnt pathway 47)
miR-27a QSA B Negative regulator in beige adipose tissue (36, 53)
miR-301a-5p NS Role in adipogenesis (54)
miR-30d QSB Upregulation in adipose tissue (55)
miR-323-3p QS A Regulation of senescence through IGF signaling pathway (56)
miR-331-3p NS, QS A Induces senescence and cell cycle arrest (57, 58)
miR-421 NS Upregulation modulates oxidant stress and lipid metabolism (59)
miR-425-5p QSA,B Inhibits differentiation and proliferation of preadipocytes (40)
miR-4531 NS Involved in type 1 diabetes mellitus (60)
miR-520d-3p NS, QS B Regulatory function in colorectal cancer (52)
miR-548q NS Possible biomarker of nasopharyngeal carcinoma (61)
miR-550a QSB Adipogenic differentiation (62)
miR-597-5p NS, QS A Drives EMT (63)
miR-657 Qs B Regulates IL-37/NF-kB signaling (64)
miR-6721-5p NS Unknown
miR-888 QS B, NS Downregulates E-cadherin (65)
miR-92a-3p QS A NS Replicative and organismal human aging (36)
miR-92b-3p QS B, NS Regulation of lipid deposition (66, 67)
miR-939-5p QS B, NS Inhibits cell proliferation (68)
miR-99b QS A, B, NS Regulates epithelial cell differentiation (36, 69, 70)

development and selection taking place in the thymus, where
approx. Ninety-five percent of developing thymocytes are deleted
being useless or potentially autoimmune. However, the adaptive
branch heavily relies on the constant supply of fresh naive
and scrupulously selected T-cells to prevent infection, cancer
and autoimmunity from developing. Severe negative imbalance
in energy expenditure (due to fasting or malnutrition) has
long been known to hamper thymus function and immunity
(82). In contrast, currently, global human population is more
threatened by obesity than fasting/malnutrition along with its

reported negative effects on thymus function (1, 83). Fashionable
countermeasures of obesity include e.g., applying diet to induce
ketosis. Ketosis has been reported to enhance FGF21 secretion,
known to promote white adipose tissue browning especially
in the mediastinal context, where the thymus also resides (25,
84). Further options of white adipose tissue browning include
interventions e.g., irisin (exercise hormone) treatment (32).
However, since irisin promotes beige adipose tissue development
it may also impair thymus function via promoting adipose
involution identical to thymus senescence.
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Our study highlights another potential intersection of
immunity and metabolism via the dual role of TBX-1 during
thymus development and senescence. TBX-1 shows bimodal
expression (high expression in early and late ages, with a
transient decrease in-between) in both mouse and human. It is
conceivable that TBX-1 plays a role in thymus organogenesis
early on (early “immune” peak) and thymic adipose involution
later on (late “metabolic” peak). This dualism may be
unique to the thymus due to the observed “beige” adipose
involution process.

With senescence the thymus suffers adipose involution.
Impaired thymic niche leads to decreased naive T-cell output.
This in turn weakens T cell-mediated anti-viral and anti-cancer
defense, and elevates the chances of autoimmune disorders
due to dysfunctional T-cell selection. Therefore, thymic adipose
tissue emerging with age impairs immune homeostasis and
the maintenance of tolerance. Our results indicate that thymic
adipose tissue shows “beige” characteristics by molecular, cellular
and metabolic profiling. Our research contributes to the breadth
of overlap between metabolism and immune homeostasis.
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