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Immunosenescence and the Ageing
Lung

Krisztian Kvell and Judit E. Pongracz

Abstract

Ageing is generally defined as the progressive decline of homeostasis that occurs
after the reproductive phase of life is complete and the “soma becomes dispos-
able” and death is inevitable according to one theory of ageing. The complexity
of the ageing process becomes strikingly evident in the lung where tissue main-
tenance and repair suffer from damage at the genetic level as well as tissue level.
Moreover, lung function declines steadily in adulthood and if data for older
adults are extrapolated, the outcome suggests an upper age limit beyond which
life becomes impossible. In this review we cover the main changes to lung struc-
ture and function with age and the impact on respiratory health. We also describe
the role that an aged immune system may play in the age-related decline in lung
function and the major involvement of altered signalling through developmental
pathways with special focus on PPARY.

Keywords
Lung function ¢ Inflammation « PPARy « Wnt * Ageing

6.1 Introduction

In a recent article [1] the association of age with lung function decline was sum-
marized and showed a linear decline from maturity. If trajectories depicted in the
paper are extrapolated (Fig. 6.1), it becomes evident that the absolute extent of
human life is limited, at least in part, by respiratory function to about 130 years but
currently there are no confirmed cases available of people who lived to the absolute
limit of pulmonary functional decline. A rare exception is Mrs Tuti Yusupova of
Uzbekistan who died in 2014 apparently at the age of 134 [2]. Although caution is
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Central Immune
Senescence, Reversal Potentials

Krisztian Kvell and Judit E. Pongracz
Department of Medical Biotechnology, University of Pecs,
Hungary

1. Introduction
1.1 Ageing in focus

Ageing is a complex process that affects all living organisms. Senescence is not only
conceivable in multicellular organisms, but also in unicellulars. Unlike certain diseases that
have specific morbidity rates, ageing is a physiological process that affects all individuals
that live long enough (unaffected by i.e. predation or famine) to experience senescence.

A pioneer of ageing research, August Weismann has established two rather opposing
concepts for aging and even today both gather numerous followers. One is the adaptive
concept, according to which ageing has evolved to cleanse the population from old, non-
reproductive consumers. The other, non-adaptive concept suggests that ageing is due to
greater weight on early survival / reproduction rather than vigour at later ages. This latter
has been reshaped by the theory of antagonistic pleiotropy (Ljubuncic et al. 2009).

Due to advances in biomedical research and care, currently an average 55-aged person is
expected to live up to 85 years of age at death on average in the Western societies. This
number is expected to increase if biomedical research continues to develop at the current
rate and by the year 2030 an average 55-aged person is expected to live up to 115 years of
age at death (according to SENS plans) (de Grey 2007). If such forecasts prove to be true, it is
of extraordinary significance and will likely trigger immense social and economical conflicts.

1.1.1 Ageing and society

Ageing of the population is one of the most important challenges for the developed world to
face over the next decades. The current demographic trends and consequent shrinkage of
the active workforce will put enormous pressure on the financing of social protection and
health systems, likely to reduce living standards. Taken together with increased migration
and emergence of novel infectious diseases, broad-scale provision of immunological
protection constitutes a strategic aim for longer and healthier lifespan.

At present life-span is still significantly increasing in the Western civilisations, however, this
increase is not accompanied by proportional increase in life spent in overall good health
referred to as ‘health-span’. There are current efforts to prolong health-span within
expanding life-span. This would not only extend life spent in appropriate quality of life, but
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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 PPARc expression, a transcription factor
expressed in pre-adipocytes. In contrast, additional Wnt4 decreased the mRNA level of ADRP, a target gene of PPARc.
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 PPARc 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.

doi:10.1371/journal.pone.0010701
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Introduction

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.

@ PL0S ONE | www.plosone.org

Signaling pathways of thymic epithelial cell development
and maintenance

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 Whnt 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.

May 2010 | Volume 5 | Issue 5 | e10701
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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
Whnt/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 LAP2a in fibroblasts is known
to directly up-regulate PPARc expression, an acknowledged
marker and key transcription factor of pre-adipocyte differentia-
tion [17]. In pre-adipocytes PPARc expression is followed by an
increase of ADRP expression (adipose differentiation-related
protein) a known direct target gene of PPARc. Although LAP2a

Thymic Epithelial Senescence

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 (EpCAM1**, Ly512) and cortical
(EpCAML", 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

*

lﬂpl\"l

Figure 1. Disintegration of epithelial network. Figure 1A demonstrates cryostat section of 1 month, whereas figure 1B presents cryostat section
of 1 gear old BALB/c mouse thymus. Staining pattern: anti-EpCAM1-FITC (green), anti-Ly51-PE (red), DAPI (blue). ‘M’ marks medullary (EpCAM1**,
Ly51=), 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
EpCAM1™ thymic medulla is outlined by continuous line on Figures 1C and 1D for easier visualization.

doi:10.1371/journal.pone.0010701.g001

@ PLoS ONE | www.plosone.org

May 2010 | Volume 5 | Issue 5 | e10701



kvel | . krisztian 95 23

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-
EpCAM1 and ER-TR7-staining show little tendency for co-
localization. In stark contrast, by the age of 9 months a-EpCAM1
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 GFP-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 EpCAML1 expression (MACS separation).
Following cDNA synthesis, quantitative RT-PCR analysis was
performed. Several genes including Wnt4, FoxN1, PPARc,
ADRP, laminl and LAP2a 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 FoxN1 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

@ PL0S ONE | www.plosone.org
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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
FoxN1 expression while maintaining that of epithelial cell surface
markers like EpCAM1 [13]. At the same time, mRNA levels of
pre-adipocyte differentiation markers PPARc and ADRP rise with
age in the same, EpCAM1-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
TEP1 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 LAP2a over-expression triggers an immense surge of PPARc
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 PPARCc was also up-regulated albeit
to a lesser extent (Figure 4). On the other hand in Wnt4-secreting
TEP1 cells the mRNA level of both PPARc 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 LAP2a and Wnt4 during
adipogenesis through their direct effect on PPARc 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 in vitro. Q-PCR was

May 2010 | Volume 5 | Issue 5 | e10701
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performed to confirm over-expression of LAP2a and Wnt4 in the
embryonic thymic lobes as a result of lentiviral transgenesis
(Figure 5A) and their effect on PPARC 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 PPARc expression, whereas additional
Wnt4 secretion suppresses PPARCc level (Figure 5B). The latter
Whnt4-mediated suppression of PPARC expression in cultures of
E12 thymic embryonic lobes was also confirmed by treatment with
Whnt4-containing supernatants of Wnt4 over-expressing TEP1 cell
line (data not shown). Interestingly, the expression of FoxN1 did
not decrease in LAP2a over-expressing thymic lobes (data not
shown), possibly due to high levels of Wnt4 in the embryonic

B\Wnt4 B FoxN1

Table 1. List of gene specific PCR primers.
Gene Forward primer Reverse primer
p-actin 59-TGG CGC TTT TGA CTC AGG A -39 59-GGG AGG GTG AGG GAC TTC C - 39
wnt4 59-CTC AAA GGC CTG ATC CAG AG - 39 59-TCA CAG CCA CAC TTC TCC AG - 39
LAP2a 59-TGA ACT GCA GGC AGC TAA GA-39 59-TCA TAG CTA GAC TCT GAG G-39
Laminl 59 - TGA GTA CAA CCT GCG CTC AC -39 59 - TGA CTA GGT TGT CCC CGA AG -39
PPARy 59 - CCC AAT GGT TGC TGA TTA CAA A -39 59 - AAT AAT AAG GTG GAG ATG CAG GTT CT -39
ADRP 59 - CGC CAT CGG ACA CTT CCT TA -39 59 - GTG ATG GCA GGC GAC ATC T -39
E-cadherin 59- AAG TGA CCG ATG ATG ATG CC -39 59- CTT CAT TCA CGT CTA CCA CGT -39
N-cadherin 59 - GTG GAG GCT TCT GGT GAA AT - 39 59 - CTG CTG GCT CGC TGC TT - 39
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 FoxN1 expression, a key
transcription factor defining thymic epithelial cell identity.
However, these epithelial cells still express cell surface markers

M LAP2a @ Lamin1

100 A 10 B
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1
B 1
-
&
T 0,1
@, ; 0,1
£
o 001
P14
= 0001 0,01
E 1 month 1 year 1 month 1year
o B PPARg B ADRP M E-cadherin @ N-cadherin
@
10 10
-
< 1
T
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01
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0,01 0,001
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1 year

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 61 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 LAP2a and Wnt4 over-expressing
transgenic TEP1 cells measured by Q-PCR. Please note that Y-axis scale
is logarithmic. Error bars show 61 SD.
doi:10.1371/journal.pone.0010701.g004

characteristic for thymic epithelial cells — i.e. EpCAM1. 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 PPARC
and ADRP.

We propose two different mechanisms for the process of adipose
involution (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

Level of over-expression
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Thymic Epithelial Senescence
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e ——— y%f fgﬂfﬁf
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epithelial cells fibroblasts pre-adipocytes

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 EMT 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 LAP2a in adult thymic epithelium to
model and decisively verify the role of LAP2a in pre-adipocyte
trans-differentiation in vivo exploiting our experience in establish-
ing transgenic animals [24,29]. If LAP2a proves to be a master
regulator of thymic adipose involution in 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

2,000

0,500
0,000

GFP LAP2a

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 61 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-ethanol (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
LAP2a cDNA containing plasmid was a kind gift of Dr. Simon
Amos. The GFP (mock), LAP2a 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 mm) 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-EpCAM1-
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 b-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 61 SD by error bars.
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two branches of vertebrate immunity (innate and adaptive)

ADAPTIVE IMMUNITY CONVERGE

All multicellular animals (invertebrates and vertebrates)
manage to keep self-integrity. Any attempt to answer ques-
tions concerning immune recognition must consider the
universality of receptor-mediated responses. These may
designate two forms: (1) rearranging clonally distributed
antigen-speci ¢ receptors that distinguish between self and
nonself according to classical Burnet hypothesis; and/or
(2) pattern recognition receptors introduced by Janeway
[1, 2]. The ideal immune system provides rapid and e -
cient responses, diverse repertoire of recognition, and ef-
fector molecules as well as speci ¢ memory on an individ-
ual level. In the self and nonself discrimination theory, the
recognition receptors are central to immunity. However, a
recently advanced hypothesis emphasizes that alarm signals
have priority and initiate immune responses. These alarm
danger signals released from the bodys own cells are ex-
plained by the danger model of immunity. According to
this model, immune cells must decide what poses harm
to the body among self and nonself structures [3, 4]. The

are dependent on each other. The innate immune system, re-
sponsible for the rst encounter with a pathogen, can trigger
adaptive immunity in case the initial response is ine ective.
Both arms interact with each other, via cell-cell interactions
and soluble factors maintaining a physiological steady state
[5].

With this in mind, we felt compelled to clarify and ex-
tend what seems to be the blurring or masking of certain im-
munological characteristics of invertebrates and vertebrates
[6 8]. To do this, we rst de ne the general features of in-
nate and adaptive immunities. Innate immunity is consid-
ered to be natural, nonspeci ¢, nonanticipatory, and non-
clonal but germ-line encoded; whereas adaptive immunity is
indeed speci c, anticipatory, clonal, and somatic. Then, we
discuss the blurring of vertebrate and invertebrate immuno-
logical characteristics in the following sections: (1) a preface
to adaptive immunity; (2) senescence, cancer, and immuno-
suppressive viruses; (3) invertebrate immunological memory
triggered by nonpathogenic stimuli; (4) the dawn of adaptive
immunity; and (5) perspectives on innate and adaptive im-
munity.
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2. APREFACE TO ADAPTIVE IMMUNITY
2.1. Products of eons

Ancient innate immunity-related functions like phagocyto-
sis and cytokine production (i.e., IL-1 and TNF) were al-
ready developed 700 million years ago in sponges and higher
aquatic invertebrates (i.e., starfish). These fundamental func-
tions remained unaltered during phylogenesis. A major evo-
lutionary step happened 500 million years ago when fish de-
veloped jaws accompanied by evolution of the gut associ-
ated immune system. This system was fundamental to pro-
viding the genetic material required for recombination and
mutation to produce variability and diversity of proteins
(i.e., immunoglobulins). This system also enabled the occur-
rence of a wide spectrum of antigen-presenting proteins like
the major histocompatibility complex (MHC). These MHC
molecules developed from a primordial molecule over 300
million years ago [9].

2.2. Interspecies borders

A genetically colorful background is generally considered
to be advantageous for species in their constant adaptation
to the neighboring environment. On the other hand, for a
suddenly emerging costly macroscopic function like adap-
tive immunity, working with clonally distributed receptors,
intraspecies genetic backcrosses can make survival di cult.
Therefore, in such cases, interspecies borders may help the
genetic solidification of evolutionarily novel characteristics.
However, drawing interspecies borders is not always easy as
often seen in cases of hybridogenesis with certain inverte-
brate arthropods or even with vertebrate fish and amphibian
species [10-12].

2.3. Lymphocyte receptors: survival of
the ttestmolecule

In the case of invertebrate organisms, species survival is
maintained at the population level, which is risky for individ-
uals. Whenever a new pathogen takes its toll, the remaining
individuals are spared because they are more resistant than
others. Such di erences are genetically encoded [13]. How-
ever, for vertebrates, the surviving strategy is quite di erent.
Vertebrates have a more complex immune system that gen-
erates a practically indefinite pool of recognition molecules,
each present as a single cell clone. From this array of cells,
those that provide better adaptation to various environments
are selected in a fashion quite similar to macroscopic evo-
lution. Cells that meet the requirements in this tough se-
lection survive and proliferate. Such selection occurs every
time a new pathogen attacks a vertebrate and the winners of
this quick intercellular evolution are selected and propagated
quickly enough to hunt down and neutralize the pathogen in
the host organism [14].

2.4. Aspects of immunological ecology and evolution

Ecological immunology is a young but increasing science that
examines causes and consequences of changes in immune

function in the context of evolution and of ecology. Millions
of invertebrate species depend exclusively on using innate
immunity, in contrast to the only 45 000 vertebrate species
that employ an additional acquired immune system. Regard-
less of this major distinction, most studies of ecological im-
munology discuss only vertebrates. Nevertheless, insect im-
munity might be more specific and similar to vertebrate im-
munity than previously thought [15-17].

An explanation to why an anticipatory immune system
employing clonally distributed receptors has not developed
in invertebrates may be provided by immunological ecol-
ogy. Highly developed organisms tend to be large in size.
Since the size of individual cells does not show significant in-
terspecies variances, being larger means having more cells.
Adaptive immunity works with a huge number of recog-
nition molecules distributed in a clonal pattern. Therefore,
only highly developed organisms can a ord to run such a
costly immune system; otherwise costs would always out-
weigh benefits. It seems that having huge and complex com-
munities of cells not only demands a highly e ective adaptive
immune system, but actually provides its basic framework in
order to exist [18, 19].

3. SENESCENCE, CANCER, AND
IMMUNOSUPPRESSIVE VIRUSES

3.1. Issenescence relevant to
understanding immunity?

Senescence and age-related research isa promising approach
that discovers revolutionary data. Immunological senescence
of vertebrate adaptive immunity is a process widely accepted
by most immunologists. This is, however, less evident when
thinking in terms of invertebrate innate immunity. However,
this will likely change in the near future as there is accumu-
lating evidence of senescence and more specifically immuno-
logical senescence in invertebrate species.

Morphological features of the aging process (senescence)
have been recognized for many years in invertebrates. For ex-
ample, when earthworms are maintained for long periods in
the laboratory, a progressive decrease in size reminiscent of
degeneration and a kind of wasting syndrome occur [20].
Congo red staining indicates the presence of amyloid in every
organ-system as a diagnostic feature of aging [21]. With in-
vertebrates and from a comparative viewpoint, there are ex-
amples of (1) rapid senescence and sudden death (progeria);
(2) gradual senescence with definite life span; (3) negligible
senescence; and (4) genetic influence on life span, mortal-
ity rates, and age-related diseases [22]. Increased activation
of the immune system is a general characteristic that accom-
panies senescence in animals, including mammals and cer-
tain invertebrates. Gene expression analyses show that some
of the most remarkable transcriptional changes that happen
during aging are related to immunity. As a consequence, the
use of invertebrate model organisms is highly desirable.

During senescence, Drosophila melanogaster expresses in-
creasing levels of numerous antimicrobial peptides if exposed
to septic bacterial infections, but not in response to bacterial
extracts [23]. Mortality factor on chromosome 4 (MORF4)
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is known to initiate senescence in a number of cell lines.
MORF-related gene on chromosome 15 (MRG15 expressed
from yeast to humans) has been shown to be extremely con-
served. The significant e ect of MRG1 (the Caenorhabditis
elegans ortholog of the above MRG15) in the aging process
has also been demonstrated [24]. The DAF family of tran-
scription factors supports its critical importance in the con-
trol of aging (immunosenescence) in this nematode model.
The DAF-2 mediated insulin signaling pathway is a key cas-
cade that influences senescence in Caenorhabditis elegans and
this function seems to be evolutionarily conserved: the DAF
pathway alsoa ects aging in Drosophila melanogaster and ro-
dents [25]. Innate immune functions in Caenorhabditis ele-
gans are also regulated by the TGF(-like and the p38 MAPK
pathways. The requirement of the DAF-2 cascade in regulat-
ing senescence and immunity raises molecular-level linkage
of these processes [26].

3.2. Cancer and immunosuppressive viruses
ininvertebrates

3.2.1. Cancer development

Cancer development has often been addressed in vertebrate
species especially its relation with adaptive immunity. How-
ever, invertebrates also develop tumors in response to en-
vironmental carcinogens. Studying cancer development in
species possessing innate immunity alone is a very promis-
ing field of research and may highlight adaptivelike functions
present in invertebrates.

Mussels are vulnerable to several environmental toxicants
and carcinogens. DNA sequence alignment of the Mytilus
edulis homologue of vertebrate ras and p53 demonstrates ex-
treme evolutionary conservatism in active domains, includ-
ing four mutational hot spots [27]. Cases of transmissible
sarcoma caused by environmental carcinogens (i.e., chlor-
dane) in the soft-shell clam Mya arenaria have also been re-
ported [28-30].

Drosophilao ersa unique platform for the rapid identifi-
cation and characterization of tumor suppressor genes, many
of which have mammalian homologues. Genomewide mi-
croarray analysis of Drosophila brain tumor caused by the
disfunction of the Brat tumor suppressor gene has identi-
fied over three hundred associated genes. Sixty of these se-
quences show homology to existing mammalian genes in-
volved in tumor development [31]. As in human cancers, loss
of heterozygosity can lead to tumor formation as reported in
the case of the warts (wts) sequence. The wts sequence was
identified by the massive overgrowth of clones homozygous
for wts deletion [32, 33]. Similarly, mutations of the fat lo-
cus cause hyperplastic overgrowth of the imaginal discs. The
a ected protein product is a relative of cadherins, which are
known to play an important role in human tumor suppres-
sion [34].

3.2.2. Immunosuppressive viruses

For those who believe in the orthodox split between in-
nate and adaptive immunities in terms of characteristics, it

is perhaps di cult to accept the existence of viruses that
specifically suppress the cellular components of innate im-
munity. Nevertheless, as proved by experimental data, innate
immunity-specific immunosuppressive viruses exist. Cote-
sia congregata is a wasp that injects its eggs into the host
caterpillar Manduca sexta. However, in this particular host-
parasite relation, the presence of a third partner is neces-
sary for successful parasitism: a bracovirus. The C. congre-
gata bracovirus (CcBV) is injected simultaneously with the
wasp eggs. Expression of viral genes hijacks the caterpillar’s
immune defense responses, which favors the survival and de-
velopment of adult parasitoid wasps [63, 64]. This parasitoid
wasp is known to take advantage of yet another virus in a
similar fashion, a polydnavirus. Polydnaviruses (PDVs) also
suppress the immune system of the host and allow the ju-
venile parasitoids to develop without being encapsulated by
host hemocytes [65]. In invertebrates, the ambivalent rela-
tion of viruses and their hosts is further complicated by pres-
ence of both specific (RNA interference-mediated) and non-
specific (interferon-mediated) antiviral responses support-
ing the blurring of immunological functions [66].

4. INVERTEBRATE IMMUNOLOGICAL MEMORY
TRIGGERED BY NONPATHOGENIC STIMULI

4.1. Protostomes

Numerous examples have been presented of animal im-
mune responses that may develop following challenge by
pathogenic organisms or nonpathogenic stimuli [8]. Here,
we refer to reports previously neglected thus widening the
scope of definitions of what may trigger invertebrate memory
and further adaptive immunity-related features (Table 1).
Most evidence concerning the evolution of innate immunity
has been derived from two ecdysozoan species: C. elegans and
Drosophila. In contrast, the lophotrochozoan systems share
some distinct di erences; mollusks may have managed im-
munological defense in a special manner similar to the an-
nelids including earthworms [67] (Figure 1).

Early invertebrates present numerous examples of non-
self recognition. Two classes of receptors with Ig-like do-
mains have been identified in marine sponges: receptor tyro-
sine kinases and adhesion molecules. The expression of these
molecules is known to be upregulated following a grafting
process [35, 36, 68].

Various worm species have been used in tissue transplan-
tation experiments. The marine nemertean ribbon worm
Lineus readily rejects xenogeneic grafts revealing a memory
component that lasts for three months [39-42]. In annelids
(earthworms and leeches), accelerated rejection, weak speci-
ficity and short-term “memory” mediated by the cellular im-
mune system have been reported [43-45, 69-74]. Molluscs
are also capable of recognizing tissue alloantigens as demon-
strated in the terrestrial slug Incilaria fruhstorferi after ex-
changing dorsal skin-allografts: immune cells infiltrated the
grafts [46].

Recent knowledge of invertebrate innate immunity is
mainly based on molecular data of dipteran insect species;
however there is no recent information available about tissue
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Table 1: Invertebrates exhibiting induction, speci city, and/or immunological memory in the nonpathogenic context of rst and second

challenges with transplants (n.a.: not analyzed).

Species Challenge Speci ty Memory References

Porifera

C.di usa Tissue (allograft) + + Smith and Hildemann,1986 [35]

G. cydonium transplantation + na Maller et al., 1999 [36]

Cnidaria

E. stricta Colonial contact/allograft, n.a. Theodor, 1970 [37]

M. verrucosa xenograft + + Hildemann et al., 1977 [38]

Nemertea

L. ruber Tissue (allograft, xenograft) + + Bierne and Langlet, 1974 [39];

L lacteus transplantation Langlet and Bierne, 1975 [40]; 1982

[41]; 1984 [42]

Annelida

Earthworms L. Tissue (allograft, xenograft) + + Cooper, 1969 [43]; Cooper and

terrestris E. fetida transplantation Roch, 1986 [44]

Ir_rf:;ir;ier?alﬂ.s G. Tissue (allog_raft, xenograft) + + Tettamanti et al., 2003 [45]

complanata transplantation

Mollusca

I. fruhstorferi Tissue (allograft) + n.a. Yamaguchi et al., 1999 [46]
Transplantation

Arthropoda

P. americana B. Tissue (allograft, xenograft) + + Hartmann and Karp, 1989 [47];

orientalis transplantation Karp and Meade, 1993 [48]

Echinodermata

S. purpuratus L. pictus Tissue (allograft) - Co aro and Hinegardner, 1977 [49]

D. imbricata transplantation + + Karp and Hildemann, 1976 [50]

Tunicata

B. schlosseri Colonial contact/allograft * na :jtlg:f?\llggze[tg].’; 1998 [o11;5c0 eld

S. plicata + + Raftos et al., 1987 [53]; 1988 [54]

allorecognition in these model organisms. However, several
studies have indicated that the cockroach can respond to in-
tegumentary xenografts and e ectively discriminate between
self and allogeneic tissues [47, 48].

4.2. Deuterostomes

Sea urchins and sea stars exhibit immune responses against
grafted tissues similar to those found in vertebrates [49, 50].
The responses of the urochordates Styela plicata and Botryllus
schlosseri to tunic grafts con rm the existence of a sensitive
histocompatibility system. Screening for genes di erentially
expressed during allorecognition in Botryllus schlosseri has
identi ed a gene encoding a transmembrane protein show-
ing close similarity to CD94/NKR-P1. The allorecognition
of B. schlosseri is controlled by an ancient MHC-like system
(called Fu/HC) [51, 53, 54, 75 78].
Since the complete genome of the urochordate Ciona in-
testinalis has been sequenced, it allows for the rapid identi-
cation of early evolutionary roots of adaptive immunity. In
the hemocytes of C. intestinalis, certain adaptive-immunity
homologous ESTs have been identi ed including vVWF-like

(von Willebrand factor-like), distant homologues of type |
interferon (IFN) receptors, and C6-like (complement 6-like)
elements [79, 80]. Moreover, genes that encode molecules
with membrane receptor features of the immunoglobulin su-
perfamily (IgSf) have also been reported [81].

5. THE DAWN OF ADAPTIVE IMMUNITY

The emergence of adaptive immunity was not a sudden
event; its far-reaching evolutionary roots are currently un-
der investigation by modern molecular biological meth-
ods. Genomewide sequence analysis of invertebrates has fo-
cused on the genes of innate immunity including comple-
ment components, Toll-like receptors, and those involved
in intracellular signal transduction of immune responses.
Assessment of extracellular C-type lectins, immunoglobu-
lin domains, intracellular immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), and immunoreceptor tyrosine-
based activation motifs (ITAMs) (together with their associ-
ated signal transduction molecules) suggests that activating
and inhibitory receptors have an early evolutionary origin
[82].
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Gnathostomata (jawed vertebrates) Agnatha (jawless vertebrates)
TcR, Ig, lectins, AMPs, C’, RAG 1-2, Lectins, C', LRR VLR, IgSF,
‘525 myr (vertebrates) cytokines, PRR, mesoder.ma! immune cytokine Iik? molecules, mesodermal
- cells, transplant rejection immune cells
: Cephalochordata
2 __Arthropoda Lectins, C’, IgSF, VCBP, PPO?, RAG?
S (insects, crustaceans)
E 1gSf (hemolin, Dscam), Mollusca LUR?ChOAr\(ItTIE’a S
i . / 3’
= SCR, lectins, PRR (Toll), C’ FREPs, lectins, PRR, PPO, ectlr_15, ) s, C, 195k,
2 Nematoda  AMPs, conserved signalling AMPs, conserved signalling cytokine like molecules,
§- IgSf, lectins, PRR, pathways, mesodermal pathways, mesodermal immune mesodermal immune ceII_s, P'RR,
< - . I Annelida CTX, PPO, transplant rejection
apoptosis, AMP, immune cells cells ;
Lectins, PRR, Hemichordata

conserved signalling

oathway Nemertea AMPs, mesodermal Echinodermata
z Mesodermal immune cells, immune cells, PPO, Lectins, SCR, AMPs, C,
S transplant rejection transplant rejection cytokine like molecules,
g Sipunculida latvhelminthes mesodermal immune cells,
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Dscam: drosophila homolog for Down syndrome cell adhesion molecule
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VCBP: variable chitin binding proteins
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Figure 1: Phylogenetic tree of the animal kingdom highlighting the evolution of key immunological elements. Two arrows on the left side of
Figure 1 indicate possible appearance of the two branches of immunity. Innate immunity may be observed along the entire animal kingdom.
Traditionally accepted adaptive immunity appeared only in vertebrates, while certain adaptive immune mechanisms may have appeared
early at the level of arthropods and molluscs illustrated by dots (below the arrow).

After decades of anticipation, the ancestors of some
cytokines—soluble intercellular signaling molecules that
form a complex network for the regulation of immunity—
have recently been identified. In vertebrates, helical cytokines
inlude 1L2, IL6, INF o—1, and GM-CSF. Malagoli et al.
have identified a putative helical cytokine in Drosophila
melanogaster by elaborate bioinformatics transcriptome
analysis. It is very promising that transcription from this ho-
mologue is upregulated in parallel with the known antim-
icobial factors defensin and cecropin Al following Gram—
or Gram+ challenge [83, 84]. Similarly, Soderhéll et al. have
identified a prokineticin (PK) domain in astakine, an en-
dogenous cytokine-like factor from the freshwater crayfish
Pacifastacus leniusculus by mass spectrometry and PCR using
degenerate primers. An astakine homologue has also been
identified in the shrimp Penaeus monodon. In vertebrates,

PK domains direct angiogenic growth. It has been demon-
strated that injections of recombinant astakine actively influ-
ence di erentiation and growth of hemopoietic stem cells in
vivo [85].

It is a notable observation that even our most distant
vertebrate relatives, jawless fish (hagfish, lamprey), have an
adaptivelike immune system. It operates by means of clon-
ally distributed leucine-rich repeat (LRR) receptors (similar
to Toll-like receptors) using a novel mechanism of gene re-
arrangement other than RAG. These LRR modules consti-
tute the variable lymphocyte receptors (VLRs). Computer-
assisted prediction suggests a repertoire of approximately
10 unique VLR receptors [86-89]. In response to the re-
sults described above, one suggestion involves the use of a
di erent terminology for vertebrates instead of “adaptive” or
“acquired” immune system: AlS or antibody-based immune
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Figure 2: Evolution of molecular and histological structures of the vertebrate immune system. Regarding lymphatic tissues, the thymus, and
spleen appeared early in fishes, while lymph-filtering lymph nodes are observed only in birds and mammals. Among the development of
various immunoglobulin isotypes, IgD is expressed in bony fishes, later only mammals are using this B-cell receptor [55].

system [90]. Recent studies performed in noncanonic inver-
tebrate model-species indicate that the tracks of adaptive im-
munity may be much deeper than previously suggested, re-
ferring to adaptivelike immunological functions present in
invertebrates [91].

6. PERSPECTIVES ON INNATE AND
ADAPTIVE IMMUNITY

According to the orthodox view of phylogenetic develop-
ment, immunity has reached its zenith with the emergence
of the adaptive immune system (or AlS) (Figure 2). Conse-
quently, we tend to be influenced by anthropocentric views
and overlook how other highly developed organisms man-
age to live in hostile environments [61]. As more recent
data have become available regarding nontraditional animal
models, it has been suggested that the emergence of adap-
tive immunity is perhaps not the culmination of the evolu-

tion of immunity, but simply a successful alternative to us-
ing innate immunity alone [92]. For millions of years, many
species could keep up in the continuous arms race between
pathogen and host called coevolution without the surveil-
lance of adaptive immunity [93]. The complexity of biol-
ogy should never be underestimated as it turns out that
those animals lacking RAG-dependent adaptive immunity
can make up for an equal amount of diversity using highly
variable elements of innate immunity (FREPs, DsCAM, SR-
CRs) finally exhibiting adaptive features [59, 92-94]. On
the other hand, in vertebrates, adaptive immunity often
simply serves as a sophisticated targeting device that rec-
ognizes and then processes the antigen but finally leaves
the messy job of actually clearing up pathogens to the im-
mense capacity of innate immunity. Therefore, once again
we see that borders are blurring and the strict distinction be-
tween innate and adaptive immunities might need revision
(Figure 3).
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Figure 3: Schematic representation of innate and adaptive immune feature development in animals. All immune cells express nonspeci ¢
receptors, for example, pattern recognition receptors that recognize pathogen associated molecular patterns (PAMPs). Several clusters of
innate receptors are conserved from plants to humans and are essential components in the defense of self-integrity. Immune cells of inver-
tebrates also express various scavenger receptorlike proteins (Croquemort, SCRs) [37, 38, 52, 56, 57], immunglobulin superfamily members
(hemolin, DsCAM) [58, 59], and brinogen-related peptides (FREPs) [60]; all involved in immune functions (eliminating apoptotic cells,
parasites, etc.). Invertebrate immune systems also exhibit receptors with high diversity involved in immune functions: FREPs, SCRs, and

DsCAMs have extreme individual variability [60 62] like vertebrate adaptive immune recognition molecules (Ig, TcR).

REFERENCES

[1] F. M. Burnet, The Clonal Selection Theory of Acquired Immu-
nity, Vanderbilt University Press, Nashville, Tenn, USA, 1959.

[2] C. A. Janeway Jr., The immune system evolved to discrimi-
nate infectious nonself from noninfectious self, Immunology
Today, vol. 13, no. 1, pp. 11 16, 1992.

[3] P. Matzinger, The danger model in its historical context,
Scandinavian Journal of Immunology, vol. 54, no. 1-2, pp. 4
9, 2001.

[4] P. Matzinger, Tolerance, danger, and the extended family,
Annual Review of Immunology, vol. 12, pp. 991 1045, 1994.

[5] C. Herner, A. Bouchon, A. Bierhaus, et al., Role of the innate
immune response in sepsis, Der Anaesthesist, vol. 53, no. 1,
pp. 10 28, 2004.

[6] E. L. Cooper, B. Rinkevich, G. Uhlenbruck, and P. Valem-
bois, Invertebrate immunity: another viewpoint, Scandina-
vian Journal of Immunology, vol. 35, no. 3, pp. 247 266, 1992.

[7] T.J. Little, D. Hultmark, and A. F. Read, Invertebrate immu-
nity and the limits of mechanistic immunology, Nature Im-
munology, vol. 6, no. 7, pp. 651 654, 2005.

[8] J. Kurtz, Speci ¢ memory within innate immune systems,
Trends in Immunology, vol. 26, no. 4, pp. 186 192, 2005.

[9] G. G. Petranyi, The complexity of immune and alloimmune
response, Transplant Immunology, vol. 10, no. 2-3, pp. 91
100, 2002.

[10] S. H. Cahanand S. B. Vinson, Reproductive division of labor
between hybrid and nonhybrid o spring ina re ant hybrid
zone, Evolution, vol. 57, no. 7, pp. 1562 1570, 2003.

[11] K. Saitoh, I.-S. Kim, and E.-H. Lee, Mitochondrial gene in-
trogression between spined loaches via hybridogenesis, Zoo-
logical Science, vol. 21, no. 7, pp. 795 798, 2004.

[12] D. S. Schmeller, A. Seitz, A. Crivelli, and M. Veith, Crossing
species range borders: interspecies gene exchange mediated by
hybridogenesis, Proceedings of the Royal Society B, vol. 272,
no. 1572, pp. 1625 1631, 2005.

[13] A. L. Hughes, Genomic catastrophism and the origin of ver-
tebrate immunity, Archivum Immunologiae et Therapiae Ex-
perimentalis, vol. 47, no. 6, pp. 347 353, 1999.

[14] A.L.Hughes, Natural selection and the diversi cation of ver-
tebrate immune e ectors, Immunological Reviews, vol. 190,
no. 1, pp. 161 168, 2002.

[15] J. Rol and M. T. Siva-Jothy, Invertebrate ecological im-
munology, Science, vol. 301, no. 5632, pp. 472 475, 2003.

[16] J. Kurtz, I. T. van der Veen, and J. J. Ryder, Ecological immu-
nity of arthropods-a thread of Ariadne? Trends in Ecology &
Evolution, vol. 17, no. 5, pp. 204 205, 2002.

[17] P. Schmid-Hempel, Evolutionary ecology of insect immune
defenses, Annual Review of Entomology, vol. 50, pp. 529 551,
2005.

[18] J.Klein, Homology between immune responses in vertebrates
and invertebrates: does it exist? Scandinavian Journal of Im-
munology, vol. 46, no. 6, pp. 558 564, 1997.

[19] C. Vogel and C. Chothia, Protein family expansions and bio-
logical complexity, PLoS Computational Biology, vol. 2, no. 5,
p. €48, 2006.

[20] E. L. Cooper and B. S. Baculi, Degenerative changes in the
annelid, Lumbricus terrestris, Journals of Gerontology, vol. 23,
no. 3, pp. 375 381, 1968.



kvel | . krisztian 95 23

Clinical and Developmental Immunology

[21] G. Romhanyi, “Selective di erentiation between amyloid and
connective tissue structures based on the collagen specific
topo-optical staining reaction with Congo red,” Virchows
Archiv, vol. 354, no. 3, pp. 209-222, 1971.

[22] E.L. Cooper, “Invertebrates can tell us something about senes-
cence,” Aging Clinical and Experimental Research, vol. 6, no. 1,
pp. 5-23, 1994.

[23] B. DeVeale, T. Brummel, and L. Seroude, “Immunity and ag-
ing: the enemy within?” Aging Cell, vol. 3, no. 4, pp. 195-208,
2004.

[24] A. Olgun, T. Aleksenko, O. M. Pereira-Smith, and D. K. Vas-
silatis, “Functional analysis of MRG-1: the ortholog of human
MRG15 in Caenorhabditis elegans,” Journals of Gerontology A,
vol. 60, no. 5, pp. 543-548, 2005.

[25] M. E. Giannakou, M. Goss, J. Jacobson, G. Vinti, S. J. Leevers,
and L. Partridge, “Dynamics of the action of dFOXO on adult
mortality in Drosophila,” Aging Cell, vol. 6, no. 4, pp. 429-438,
2007.

[26] C. L. Kurz and M.-W. Tan, “Regulation of aging and innate
immunity in C. elegans,” Aging Cell, vol. 3, no. 4, pp. 185-193,
2004.

[27] C. M. Ciocan and J. M. Rotchell, “Conservation of cancer
genes in the marine invertebrate Mytilus edulis,” Environmen-
tal Science and Technology, vol. 39, no. 9, pp. 3029-3033, 2005.

[28] D.J. Christensen, C. A. Farley, and F. G. Kern, “Epizootic neo-
plasms in the clam Macoma balthica (L.) from Chesapeake
Bay,” Journal of the National Cancer Institute, vol. 52, no. 6,
pp. 1739-1749, 1974.

[29] C. A. Farley, D. L. Plutschak, and R. F. Scott, “Epizootiology
and distribution of transmissible sarcoma in Maryland soft-
shell clams, Mya arenaria, 1984-1988,” Environmental Health
Perspectives, vol. 90, pp. 35-41, 1991.

[30] C. F Dungan, R. M. Hamilton, K. L. Hudson, C. B. McCol-
lough, and K. S. Reece, “Two epizootic diseases in Chesapeake
Bay commercial clams, Mya arenaria and Tagelus plebeius,”
Diseases of Aquatic Organisms, vol. 50, no. 1, pp. 67-78, 2002.

[31] T. Loop, R. Leemans, U. Stiefel, et al., “Transcriptional signa-
ture of an adult brain tumor in Drosophila,” BMC Genomics,
vol. 5, no. 1, p. 24, 2004.

[32] P. J. Bryant, K. L. Watson, R. W. Justice, and D. F. Woods,
“Tumor suppressor genes encoding proteins required for cell
interactions and signal transduction in Drosophila,” Develop-
ment, vol. 119, pp. 239-249, 1993.

[33] E. Gate ,J. Wismar, N. Habtemichael, et al., “Functional anal-
ysis of Drosophila developmental genes instrumental in tumor
suppression,” In Vivo, vol. 10, no. 2, pp. 211-216, 1996.

[34] K. L. Watson, R. W. Justice, and P. J. Bryant, “Drosophila in
cancer research: the first fifty tumor suppressor genes,” Journal
of Cell Science, vol. 18, pp. 19-33, 1994.

[35] L. C. Smith and W. H. Hildemann, “Allograft rejection,
autograft fusion and inflammatory responses to injury in
Callyspongia di usa (Porifera; Demospongia),” Proceedings of
the Royal Society of London Series B, vol. 226, no. 1245, pp.
445-464, 1986.

[36] W. E. G. Miller, B. Blumbach, and I. M. Miller, “Evolution
of the innate and adaptive immune systems: relationships be-
tween potential immune molecules in the lowest metazoan
phylum (Porifera) and those in vertebrates,” Transplantation,
vol. 68, no. 9, pp. 1215-1227, 1999.

[37] J. L. Theodor, “Distinction between “self” and “not-self” in
lower invertebrates,” Nature, vol. 227, no. 259, pp. 690-692,
1970.

[38] W. H. Hildemann, R. L. Raison, G. Cheung, C. J. Hull, L.
Akaka, J. Okamoto, et al., “Immunological specificity and
memory in a scleractinian coral,” Nature, vol. 270, no. 5634,
pp. 219-223, 1977.

[39] J. Bierne and C. Langlet, “Studies on graft immunity in ne-
merteans of the genus Lineus Study of the primary reac-
tion to heterospecies transplantation,” Comptes Rendus Heb-
domadaires Des Seances De L'Academie Des Sciences. Serie D:
Sciences Naturelles, vol. 278, no. 10, pp. 1445-1447, 1974,

[40] C. Langlet and J. Bierne, “Transplantation immunity in ne-
merteans of the genus lineus Accelerated rejection of second
heterospecific incompatible grafts,” Comptes Rendus Hebdo-
madaires Des Seances De L'Academie Des Sciences. Serie D: Sci-
ences Naturelles, vol. 281, no. 9, pp. 595-598, 1975.

[41] C. Langlet and J. Bierne, “Immune characteristics of graft re-
jection in nemerteans of the genus Lineus,” European Journal
of Immunology, vol. 12, no. 9, pp. 705-708, 1982.

[42] C. Langlet and J. Bierne, “Immunocompetent cells requisite
for graft rejection in Lineus (invertebrata, nemertea),” Devel-
opmental & Comparative Immunology, vol. 8, no. 3, pp. 547-
557, 1984.

[43] E. L. Cooper, “Specific tissue graft rejection in earthworms,”
Science, vol. 166, no. 3911, pp. 1414-1415, 1969.

[44] E. L. Cooper and P. Roch, “Earthworm leukocyte interactions
during early stages of graft rejection,” Journal of Experimental
Zoology, vol. 232, no. 1, pp. 67-72, 1984.

[45] G. Tettamanti, A. Grimaldi, R. Ferrarese, et al., “Leech re-
sponses to tissue transplantation,” Tissue and Cell, vol. 35,
no. 3, pp. 199-212, 2003.

[46] K. Yamaguchi, E. Furuta, and H. Nakamura, “Chronic skin al-
lograft rejection in terrestrial slugs,” Zoological Science, vol. 16,
no. 3, pp. 485-495, 1999.

[47] R. S. Hartman and R. D. Karp, “Short-term immunologic
memory in the allograft response of the American cockroach,
Periplaneta americana,” Transplantation, vol. 47, no. 5, pp.
920-922, 1989.

[48] R. D. Karp and C. C. Meade, “Transplantation immunity in
the American cockroach, Periplaneta americana the rejection
of integumentary grafts from Blatta orientalis,” Developmental
& Comparative Immunology, vol. 17, no. 4, pp. 301-307, 1993.

[49] K. A. Co aro and R. T. Hinegardner, “Immune response in
the sea urchin Lytechinus pictus,” Science, vol. 197, no. 4311,
pp. 1389-1390, 1977.

[50] R. D. Karp and W. H. Hildemann, “Specific allograft reac-
tivity in the sea star Dermasterias imbricata,” Transplantation,
vol. 22, no. 5, pp. 434-439, 1976.

[51] B. Rinkevich, 1. L. Weissman, and A. W. De Tomaso,
“Transplantation of Fu/HC-incompatible zooids in Botryllus
schlosseri results in chimerism,” Biological Bulletin, vol. 195,
no. 2, pp. 98-106, 1998.

[52] V. L. Scofield, J. M. Schlumpberger, L. A. West, and I. L. Weiss-
man, “Protochordate allorecognition is controlled by a MHC-
like gene system,” Nature, vol. 295, no. 5849, pp. 499-502,
1982.

[53] D. A. Raftos, N. N. Tait, and D. A. Briscoe, “Allograft rejection
and alloimmune memory in the solitary urochordate, Styela
plicata,” Developmental & Comparative Immunology, vol. 11,
no. 2, pp. 343-351, 1987.

[54] D. A. Raftos, D. A. Briscoe, and N. N. Tait, “The mode of
recognition of allogeneic tissue in the solitary urochordate
Styela plicata,” Transplantation, vol. 45, no. 6, pp. 1123-1126,
1988.



kvel | . krisztian 95 23

K. Kvell et al. 9
[55] L. Du Pasquier and G. W. Litman, Eds., Origin and Evolution of [71] R. K. Hostetter and E. L. Cooper, Cellular anamnesis in earth-
the Vertebrate Immune System, Current Topics in Microbiology worms, Cellular Immunology, vol. 9, no. 3, pp. 384 392, 1973.
and Immunology, Springer, Heidelberg, Germany, 2000. [72] E. A. Stein and E. L. Cooper, In vitro agglutinin production
[56] N. C. Franc, J-L. Dimarcg, M. Lagueux, J. Ho mann, and by earthworm leukocytes, Developmental & Comparative Im-
R. A. B. Ezekowitz, Croquemort, a novel Drosophila hemo- munology, vol. 12, no. 3, pp. 531 547, 1988.
cyte/_macrophage receptor that recognizes apoptotic cells, Im- [73] E. L. Cooper, A. Cossarizza, M. M. Suzuki, et al., Autogeneic
munity, vol. 4, no. 5 pp. 431 443, 1996. but not allogeneic earthworm e ector coelomocytes kill the
[57] Z.Pancer, Dynamicexpression of multiple scavenger receptor mammalian tumor cell target K562, Cellular Immunology
cysteine-rich genes in coelomocytes of the purple sea urchin, vol. 166, no. 1, pp. 113 122, 1995, ' '
Proceedings of the National Academy of Sciences of the United . .
States of America, vol. 97, no. 24, pp. 13156 13161, 2000, [74] A. Cossarizza, E. L. Cooper, M. M. Suzuki, etal., Earthworm
59 F L Weon . Pt Holgsdo, ™ Thomas 1, e e e o e
munology: extensive diversity of lg-superfamily proteins in ' )
the immune system of insects, Science, vol. 309, no. 5742, pp. tal Cell Research, vol. 224, no. 1, pp. 174 182, 1996.
1874 1878, 2005. [75] D. A. Raftos, N. N. Tait, and D. A. Briscoe, Cellular basis of
[59] S.-C.Sun, I. Lindstrom, H. G. Boman, I. Faye, and O. Schmidt, allograft rejection in the solitary urochordate, Styela plicata,
Hemolin: an insect-immune protein belonging to the im- Developmental & Comparative Immunology, vol. 11, no. 4, pp.
munoglobulin superfamily, Science, vol. 250, no. 4988, pp. 713 725, 1987.
1729 1732, 1990. [76] D. A. Raftos and E. L. Cooper, Proliferation of lymphocyte-
[60] S.-M. Zhang and E. S. Loker, The FREP gene family in the like cells from the solitary tunicate, Styela clava, in response to
snail Biomphalaria glabrata additional members, and evidence allogeneic stimuli, Journal of Experimental Zoology, vol. 260,
consistent with alternative splicing and FREP retrosequences, no. 3, pp. 391 400, 1991.
Developmental & Comparative Immunology, vol. 27, no. 3, pp.  [77] Z. Pancer, E. L. Cooper, and W. E. G. Maller, A tunicate
175 187, 2003. (Botryllus schlosseri) cDNA reveals similarity to vertebrate
[61] M. F Flajnlk and L. Du Pasquier, Evolution of innate and antigen receptorsl |mmun0genetics’ vol. 45, no. 1, pp. 69 72,
adaptive immunity: can we draw a line? Trends in Immunol- 1996.
0gy, vol. 25, no. 12, pp. 640 644, 2004. . [78] K. Khalturin, M. Becker, B. Rinkevich, and T. C. G. Bosch,
[62] S-M. thang, C. M. Adema, T.B. Kepl_er, an(_j E. S. Loker, Di- Urochordates and the origin of natural killer cells: identi -
versi_ cation of Ig superfamily genes in an invertebrate, Sci- cation of a CD94/NKR-P1-related receptor in blood cells of
ence, vol. 305, no. 56.81‘ pp. 251 254, 2004. . . Botryllus, Proceedings of the National Academy of Sciences of
[63] E. E_spagne, V. Dour!s, G Lalm_anach, etal, A VIrus essential the United States of America, vol. 100, no. 2, pp. 622 627, 2003.
for insect host-parasite interactions encodes cystatins, Journal . . .
of Virology, vol. 79, no. 15, pp. 9765 9776, 2005. [79] T. Wakoh, M. Ikeda, R. Uc_hlno,_ etal.,, Identi cat_lon o_f trar!-
[64] K. E. Amaya, S. Asgari, R. Jung, M. Hongskula, and N. E. Beck- scrl'pts expressed preferentially in hemocytes of Ciona intesti-
age, Parasitization of Manduca sexta larvae by the parasitoid nalis that can be used as molecular markers, DNA Research,
wasp Cotesia congregata induces an impaired host immune re- vol. 11, no. 5, pp. 345 352, 2004. ) )
sponse, Journal of Insect Physiok)gy’ vol. 51’ no. 5’ pp. 505 [80] C. D. Krause and S. Pestka, Evolution of the class 2 Cytoklnes
512, 2005. and receptors, and discovery of new friends and relatives,
[65] M. Bonvin, D. Marti, S. Wyder, D. Kojic, M. Annaheim, and Pharmacology & Therapeutics, vol. 106, no. 3, pp. 299 346,
B. Lanzrein, Cloning, characterization and analysis by RNA 2005.
interference of various genes of the Chelonus inanitus polyd- [81] L. Du Pasquier, I. Zucchetti, and R. De Santis, Immunoglob-
navirus, Journal of General Virology, vol. 86, no. 4, pp. 973 ulin superfamily receptors in protochordates: before RAG
983, 2005. time, Immunological Reviews, vol. 198, no. 1, pp. 233 248,
[66] J. Robalino, T. C. Bartlett, R. W. Chapman, P. S. Gross, C. L. 2004.
Browdy, and G. W. Warr, Double-stranded RNA and antiviral [82] K. Azumi’ R. De Santis, A. De Tomaso, et a|.’ Genomic ana|y_
immunity in marine shrimp: inducible host mechanisms and sis of immunity in a Urochordate and the emergence of the
evidence for the evolution of viral counter-responses, Devel- vertebrate immune system: waiting for Godot, Immuno-
opmental & Comparative Immunology, vol. 31, no. 6, pp. 539 genetics, vol. 55, no. 8, pp. 570 581, 2003.
547, 2007. : - : : :
! . [83] D. Malagoli and E. Ottaviani, Helical cytokines and inverte-
[67] E. S. Loker and C. J._Bayne, _Mole_cular .StUd'eS of th‘? mol- brate immunity: anew eld of research, Scandinavian Journal
luskan response to digenean infection, in Phylogenetic Per- of Immunology, vol. 66, no. 4, pp. 484 485, 2007.
spectives on the Vertebrate Immune Systems, G. Beck, M. g N T o
Sungumaran, and E. L. Cooper, Eds., pp. 209 222, Kluwer [84] D Malagoll, D..Conkl'ln,S. Sacch|, M. Ma'\nd.rloll., ar)d E. Ofcta-
[68] W. H. Hildemann, P. L. Jokiel, C. H. Bigger, and I. S. John- . ) !
ston, Allogeneic polymorphism and alloimmune memory in Biophysica Acta (BBA), vol. 1770, no. 6, pp. 974 978, 2007.
the coral, Montipora verrucosa, Transplantation, vol. 30, no.4,  [85] I. Sederhall, Y.-A. Kim, P. Jiravanichpaisal, S.-Y. Lee, and K.
pp. 297 301, 1980. Saderhall, An ancient role for a prokineticin domain in in-
[69] E. L. Cooper and P. Roch, Second-set allograft responses in vertebrate hematopoiesis, Journal of Immunology, vol. 174,
the earthworm Lumbricus terrestris. Kinetics and characteris- no. 10, pp. 6153 6160, 2005.
tics, Transplantation, vol. 41, no. 4, pp. 514 520, 1986. [86] Z. Pamcer, C. T. Amemiya, G. R. A. Ehrhardt, J. Coitlin, G. L.

[70]

R. K. Hostetter and E. L. Cooper, Coelomocytes as e ec-
tor cells in earthworm immunity, Immunological Communi-
cations, vol. 1, no. 2, pp. 155 183, 1972.

Gartland, and M. D. Cooper, Somatic diversi cation of vari-
able lymphocyte receptors in the agnathan sea lamprey, Na-
ture, vol. 430, no. 6996, pp. 174 180, 2004.



10

kvel | . krisztian 95 23

Clinical and Developmental Immunology

(87]

(88]

[89]

[90]

[91]

[92]

[93]

[94]

Z. Pancer, N. R. Saha, J. Kasamatsu, et al., Variable lympho-
cyte receptors in hag sh, Proceedings of the National Academy
of Sciences of the United States of America, vol. 102, no. 26, pp.
9224 9229, 2005.

J. P. Cannon, R. N. Haire, Z. Pancer, et al., Variable domains
and a VpreB-like molecule are present in a jawless vertebrate,
Immunogenetics, vol. 56, no. 12, pp. 924 929, 2005.

M. N. Alder, I. B. Rogozin, L. M. lyer, G. V. Glazko, M. D.
Cooper, and Z. Pancer, Diversity and function of adaptive
immune receptors in a jawless vertebrate, Science, vol. 310,
no. 5756, pp. 1970 1973, 2005.

J.Kleinand N. Nikolaidis, The descent of the antibody-based
immune system by gradual evolution, Proceedings of the Na-
tional Academy of Sciences of the United States of America,
vol. 102, no. 1, pp. 169 174, 2005.

J. J. Marchalonis, S. F. Schluter, R. M. Bernstein, and V. S.
Hohman, Antibodies of sharks: revolution and evolution,
Immunological Reviews, vol. 166, pp. 103 122, 1998.

G. W. Litman, J. P. Cannon, and L. J. Dishaw, Reconstruct-
ing immune phylogeny: new perspectives, Nature Reviews Im-
munology, vol. 5, no. 11, pp. 866 879, 2005.

E. L. Cooper, E. Kauschke, and A. Cossarizza, Digging for
innate immunity since Darwin and Metchniko , BioEssays,
vol. 24, no. 4, pp. 319 333, 2002.

K. Khalturin, U. Karn, N. Pinnow, and T. C. G. Bosch, To-
wards a molecular code for individuality in the absence of
MHC: screening for individually variable genes in the uro-
chordate Ciona intestinalis, Developmental & Comparative
Immunology, vol. 29, no. 9, pp. 759 773, 2005.



