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Abstract Interleukins 2 and 15 (IL-2 and IL-15) are highly
differentiated but related cytokines with overlapping, yet also
distinct functions, and established benefits for medical drug
use. The present study identified a gene for an ancient third IL-
2/15 family member in reptiles and mammals, interleukin 15-
like (IL-15L), which hitherto was only reported in fish. /L-
15L genes with intact open reading frames (ORFs) and evi-
dence of transcription, and a recent past of purifying selection,
were found for cattle, horse, sheep, pig and rabbit. In human
and mouse the IL-/5L ORF is incapacitated. Although de-
duced IL-15L proteins share only ~21 % overall amino acid
identity with IL-15, they share many of the IL-15 residues
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important for binding to receptor chain IL-15Re, and recom-
binant bovine IL-15L was shown to interact with IL-15Ra
indeed. Comparison of sequence motifs indicates that capacity
for binding IL-15R« is an ancestral characteristic of the IL-2/
15/15L family, in accordance with a recent study which
showed that in fish both IL-2 and IL-15 can bind IL-15R«.
Evidence reveals that the species lineage leading to mammals
started out with three similar cytokines IL-2, IL-15 and IL-
15L, and that later in evolution (1) IL-2 and IL-2R« receptor
chain acquired a new and specific binding mode and (2) IL-
15L was lost in several but not all groups of mammals. The
present study forms an important step forward in understand-
ing this potent family of cytokines, and may help to improve
future strategies for their application in veterinarian and hu-
man medicine.

Keywords Cytokine - Evolution - Interleukins 2 - 15 and
15-like - Receptor

Introduction

A group of related short-chain helical cytokines IL-2, IL-4, IL-
7, IL-9, IL-15 and IL-21 bind receptors that have an IL-2Ry
chain (also known as "common cytokine-receptor y-chain" or
"v.") and play important roles in the immune system (Leonard
2008). Overall sequence similarity levels classify IL-2, IL-15
and IL-21 as a distinct subfamily (Parrish-Novak et al. 2002;
Kono et al. 2008). Functional similarities indicate a close
phylogenetic relationship between IL-2 and IL-15, because
their respective receptor complexes IL-2Roc IL-2R[3-IL-2Ry
(Grabstein et al. 1994; Giri et al. 1994, 1995; Ring et al. 2012)
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and IL-15RoIL-2R3-IL-2Ry (Grabstein et al. 1994; Giri
et al. 1994, 1995; Ring et al. 2012) are unique by including
IL-2Rf3 chain and a chain of the IL-2Ra/15Rx family. The
closely related IL-2Roc and IL-15R x are encoded by tandemly
duplicated genes (Anderson et al. 1995), are not related to
other known cytokine receptor chains, and bind cytokines by
their "sushi" domains (aliases "complement control protein"
or "short consensus repeat" domains). The IL-2Re and IL-
15R« chains confer cytokine specificity, and affinities that are
much higher than those of the IL-2R 3-IL-2R7y receptor alone
(Sugamura et al. 1996; Giri et al. 1995; Waldmann and Tagaya
1999). The binding affinity of IL-15 for IL-15R« is excep-
tionally high (K 4=~50 pM; e.g., Mortier et al. 2006), and IL-
15 predominantly functions with co-expressed IL-15Rx in
either membrane-bound or released form as a stable heterodi-
mer that can stimulate other cells which express IL-2R3-IL-
2Ry (Dubois et al. 2002; Sandau et al. 2004; Mortier et al.
2008; Bergamaschi et al. 2008, 2012). This mode of presen-
tation is called "trans-presentation”, indicating that IL-15R e is
not expressed by the same cell as IL-2R3-IL-2Ry. The bind-
ing affinity of IL-2 for IL-2R is much lower (K 4=~20 nM,;
e.g., Myszka et al. 1996), and IL-2R«x tends to function
within co-expressed IL-2RaIL-2R3-IL-2Ry complexes
that have the three receptor chains all inserted in the same
membrane (cis-presentation) and can bind free secreted
IL-2. Signaling through IL-2 and IL-15 receptors is me-
diated intracellularly by the cytoplasmic tails of IL-2R3
and IL-2Rvy.

IL-2 protein is predominantly expressed by activated T
cells (Taniguchi et al. 1983; Malek 2008), whereas dendritic
cells and monocytes are important for expression of IL-15
protein (Waldmann 2006). In vitro assays show substantial
overlap in IL-2 and IL-15 functions involving survival, pro-
liferation and differentiation of various B, T and natural killer
(NK) cell populations (Taniguchi et al. 1983; Grabstein et al.
1994; Waldmann 2006; Malek 2008; Ring et al. 2012).
Pronounced differences between IL-2 and IL-15 functions,
however, are apparent when comparing genetically
engineered mice. IL-15-deficient mice show marked defects
in the production/maintenance of NK cells, natural killer T
(NKT) cells, intestinal intraepithelial lymphocytes, and CD8
memory cells (Kennedy et al. 2000; Waldmann 2006). In
contrast, IL-2-deficient mice show lymphoproliferative and
autoimmune disorder, caused by a defect in the production
of CD4"CD25 Foxp3" T regulatory (Treg) cells (Sadlack
etal. 1995; Almeida et al. 2002; Malek 2008). The sensitivity
of Treg cells to IL-2 correlates with their constitutive expres-
sion of high levels of IL-2Rx (alias CD25; Fontenot et al.
2005; Malek 2008).

Recombinant IL-2 has been established as an anti-cancer
drug (Waldmann 2006), but because of the dual function of
both enhancing and downregulating immune responses, mod-
ified IL-2 with less specificity for Treg has been developed
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(Levin et al. 2012; Liao et al. 2013). IL-15 lacks this duality
and may be a more promising anti-cancer agent than IL-2,
especially if its stability and potency are enhanced by recom-
binant combination with IL-15R« (Mortier et al. 2006;
Vincent et al. 2013). Blockage of IL-2Ro or IL-15R« func-
tion is medically used, or investigated for that purpose, to halt
lymphoma progression or inflammation (Waldmann 2006;
Wang et al. 2010).

The sequences of short-chain type I helical cytokines are
very poorly conserved, even among orthologues (Huising
et al. 2006), which is exemplified by the initial inability to
properly distinguish between /L-2 and IL-15 identity of
chicken IL-2 (Sundick and GillDixon 1997; Choi et al.
1999). More recently, however, the availability of whole ge-
nome sequences allowed reliable identification of /L-2 and
IL-15 in various tetrapod species and teleost fishes because of
gene synteny arguments (Kaiser and Mariani 1999; Bird et al.
2005; Bei et al. 2006; Fang et al. 2006; Gunimaladevi et al.
2007; Wang et al. 2007; Ohtani et al. 2008).

In teleost fish, a gene for an additional IL-2/15 family
member was found which was designated IL-15-like (IL-
15L; Bei et al. 2006; Gunimaladevi et al. 2007), alias IL-15x
(Fang et al. 2006). The function of fish /L-/5L was not
determined. The present study is the first to identify /L-/5L
genes and transcripts in mammals, to carefully analyze de-
duced IL-15L molecular features, and to describe interaction
of recombinant IL-15L with IL-15R«. It also comprises the
first thorough analysis of IL-2 versus IL-15 sequence
evolution.

Results and discussion

Identification of IL-15L in genome sequences of reptiles
and mammals

Probably because of its pseudogene nature in human and
mouse, /L-15L has not been reported outside fish. However,
after scrutinizing available genome sequence databases for
vertebrate species, we here present /L-/5L gene in reptiles
and mammals, which as in fish maps between the genes
PLEKHG?2 and SUPT5H (Fig. S14). In tetrapod IL-15L the
family consensus intron between exons 3 and 4 was lost,
without hampering the coding capacity, and the resulting
larger exon is referred to in this article as "exon 3/4"
(Fig. S1B). In birds or amphibians /L-15L could not be found,
despite extensive searches, and the gene may have been lost in
these animal classes. The cladogram in Fig. 1 shows the
distribution among species of /L-/5L, and distinguishes be-
tween consensus intact open reading frames (ORFs) (white
circles), non-typical but possibly intact ORFs (gray circles),
and incapacitated ORFs (black circles); half circles refer to
incomplete sequence information (for details, see Fig. S2).
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Fig. 1 Phylogenetic distribution of /L-15L. White circles represent con-
sensus intact /L-15L ORFs, gray circles represent non-typical but possi-
bly intact IL-15L ORFs, and black circles represent incapacitated /L-15L

Intact /L-15L may be common in reptiles and non-eutherian
mammals (monotremes plus marsupials), while in many eu-
therian mammals the ORF was incapacitated (Fig. 1 and
Fig. S2). In eutherian mammals intact /L-/5L ORF could be
found in rock hyrax, gray mouse lemur, rabbit, pika, cat,
ferret, horse, rhinoceros, cattle, sheep, pig, hedgehog, and
shrew (Fig. 1 and Fig. S2), which interestingly include the
four most important agricultural mammals (highlighted in
yellow in Fig. 1). Database sequences may contain errors,
and at the individual species level the detected ORF incapac-
itation motifs may not always represent the biological situa-
tion. However, by comparison of related species, such as for
example among primates, some of the incapacitation motifs
could be confirmed in independent databases (Fig. S2). In the
human genome, large parts of incapacitated /L-/5L remain,
while in mouse only minor remnants are found (Fig. S2).
Despite some modifications, the /L-2, IL-15, IL-15L and
IL-21 loci are relatively well conserved throughout classes
of jawed vertebrates (Fig. S14), which may be rather common
among genes of cytokines involved in T cell differentiation
(Secombes et al. 2011). The relatively well conserved nature
of IL-2/15/15L/21 family loci contrasts the evolution pattern
of other families of secreted mediators of the immune system
such as chemokines and type I interferons, which experienced
more extensive gene expansions, contractions and transloca-
tions (Nomiyama et al. 2008; Xu et al. 2013).

Xenarthra Primata: Haplorhini Primata: psirhini L pha Chiroptera Cetarti y Lipotyp
Dasypus novemcinctus @| | Tarsius syrichta @ | | Microcebus murinus O Ochotona princeps O Myotis lucifugus @ Bos taurus Erinaceus europaeuso
(Nine-banded armadillo) (Philippine tarsier) (Gray mouse lemur) (American pika) (Little brown bat) (Domestic cow) (W. European hedgehog)
Callithrix jacchus @ | | Daubentonia Oryctolagus cuniculus O Pteropus vampirus @ Ovis aries Sorex araneus (@)
Afrotheria (Common marmoset) madagascariensis (European rabbit) (Large flying fox) (Domestic sheep) (Eurasian shrew)
Orycteropus afer ® Saimiri boliviensis @ | | (Aye-aye) Tursiops truncatus Q
(Aardvark) (Squirrel monkey) Otolemur garnetti @ Rodentia Carnivora (Bottlenose dolphin)
Loxodonta africana @ Chlorocebus sabacus @ | | (Brown bush baby) Cavia porcellus [ ] Felis catus Sus scrofa
(African elephant) (Vervet monkey) (Guinea pig) (Domestic cat) (Domestic pig)
Trichechus manatus (] Macaca mulatta [ ) Scandentia Heterocephalus [ ] Canis familiaris (@) Vicugna pacos @
(Manatee) (Rhesus macaque) Tupaia belangeri @ || 9laber (Dog) (Alpaca)
Procavia capensis O Papio hamadryas [ ) (Northern tree shrew) || (Naked mole rat) Ailuropoda melanoleucaQ
(Rock hyrax) (Hamadryas baboon) Mus musculus [ ) (Giant panda) Perissodactyla
Papio anubis [ ) (House mouse) Ursus americanus Equus caballus O
(Olive baboon) Rattus norwegicus @ (American black bear) (Domestic horse)
Nomascus leucogenys @ (Common rat) Odobenus rosmarus O Ceratotherium simum O
(N. white-cheeked gibbon) Microtus ochrogaster @ (Walrus) (White rhinoceros)
Gorilla gorilla [ ) (Prairie vole) Mustela putorius furo O
(Gorilla) Cricetulus griseus @ (Domestic ferret)
Pongo abelii [ ) (Chinese hamster)
(Orangutan)
Pan troglodytes [ )
[ J

OREFs; half circles refer to incomplete sequence information (for details,
see Fig. S2). Mammals important for agriculture are highlighted in
yellow. Branch knots within mammals are based on Meredith et al. (2011)

Independent /L-1/5L ORF incapacitations in different line-
ages of eutherian mammals (Fig. 1 and Fig. S2) suggest that
after the separation from marsupials the IL-15L protein consid-
erably lost in importance early in the eutherian mammal clade.
However, lack of importance in one animal does not necessarily
conclude the same for others. The eutherian mammal superor-
der in which IL-15L may have retained a relatively high im-
portance, as indicated by the distribution of intact /L-/5L
ORFs, is Laurasiatheria, the superorder which includes
Carnivora, Chiroptera, Cetartiodactyla, Perissodactyla, and
Lipotyphla (Fig. 1). In some Cetartiodactyla and
Perissodactyla like cattle, sheep, horse and rhinoceros, the
potential importance at the protein level, which may have been
retained, regained or newly acquired, is underlined by modifi-
cations around the start codon which are predicted to ensure a
higher efficiency of translation (Fig. S2).

Analysis of IL-15L transcripts in mammals

Evidence for IL-15L coding transcripts in cattle, horse, pig
and sheep, as well as in rabbit, could be obtained (Figs. S3 and
S5). The major types of transcripts that we found are sche-
matically summarized in Fig. 2, with Fig. 2a showing a typical
transcript that encodes intact IL-15L. Bovine and rabbit /L-
15L transcripts were investigated extensively, including 5
RACE and 3'RACE analyses (Fig. S34 and C). Bovine and
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Fig. 2 Schematic view of different types of mammalian /L-/5L tran-
scripts. a Transcript with consensus /L-15L ORF and additional out of
frame AUGs in the S'UTR (asterisks). Full-length transcripts including
poly-A tail (AAAA) were determined for cattle and rabbit (Fig. S3). b In
rabbits, however, most transcripts lack the exon3/4 sequence (ex3/4) and
are unlikely to encode IL-15L protein (Figs. S3C—E and S5B, middle
picture). ¢ In dog and bear, the consensus /L-/5L AUG start codon has
been replaced by GUG, and the region 5' thereof is unlikely to encode the
N-terminus of a functional cytokine (Figs. S2 and S44—C). It was not
determined whether these transcripts have a poly-A tail. d For human a
hybrid IL-15L-SUPT5SH cDNA sequence was reported (GenBank
DC400386), which is unlikely to encode modified IL-15L protein
(Fig. S4D and E). We did not investigate the 5’ and 3’ ends of this type
of transcript

rabbit /L-15L transcripts could be amplified from all investi-
gated tissues and from various fibroblastoid and epithelioid
permanent cell lines, and the results suggest low but ubiqui-
tous expression (Fig. S5). A higher expression of /L-15L
transcripts in organs of the immune system such as thymus,
lymph nodes, or spleen, was not observed (Fig. S5), similar to
previous findings in fish (Bei et al. 2006; Gunimaladevi et al.
2007). That mammalian /L-15L expression is generally low
was not only indicated by the large number of PCR cycles
necessary for detection (Fig. S5; and by our initial difficulties
to establish positive RT-PCR conditions), but also by the near
absence of /L-15L sequences in EST databases (see below).

In the S'UTR of IL-15L transcripts additional out-of-frame
AUG codons can be found (Fig. 2, asterisks), namely, three or
six in cattle (Fig. S34 and B) and one in rabbit (Fig. S3C and
D). Such upstream AUGs tend to interfere negatively with the
efficiency of translation and are abundant in /L-15 where they
are believed to be important in translational control
(Waldmann and Tagaya 1999).

Not all mammalian /L-/5L transcripts have apparent pro-
tein coding capacity. In rabbit, most transcripts do not contain
exon3/4 sequence, but are organized as schematically shown
in Fig. 2b and are not expected to encode functional protein
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(Fig. S3C-E). And in some species, like dogs and bears, the
IL-15L consensus start codon has been replaced by GUG,
which is schematically shown in Fig. 2c (details for these
carnivores are shown in Fig. S44—C). Furthermore, as
depicted in Fig. 2d, a human cDNA sequence reported in the
EST database (GenBank DC400386) contains both an IL-
1514y part and a part of the downstream SUPT5SH gene
(details in Fig. S4D and F). This human IL-151)-SUPTSH
sequence and an American black bear EST sequence
(GenBank GW294330; Fig. S4B), which both presumably
do not encode (modified) IL-15L protein (Fig. S4B and F),
are the only two mammalian /L-/5L sequences in the NCBI
EST database with evidence of transcription (intron sequences
were spliced out). Transcripts that may not encode protein are
not unique to mammalian /L-/5L, since splice variants with
no apparent protein coding function were also described for
teleost fish 7/L-15L (Gunimaladevi et al. 2007) and mamma-
lian IL-15 is well known for its ubiquitous transcripts com-
pared to a much more restricted protein distribution
(Waldmann and Tagaya 1999).

Somewhat reminiscent of the /L-/5L story is that of
interleukin 26 (IL-26). Although [L-26 intact gene and
IL-26 protein function were described for humans
(Donnelly et al. 2010), IL-26 ORF incapacitations were
observed in several independent mammalian lineages, and
multiple /L-26 transcripts with unknown function were
found in species with incapacitated ORF (Shakhsi-Niaei
et al. 2013).

Purifying selection on coding capacity of intact mammalian
IL-15L genes

Comparison between the intact /L-/5L ORFs found in vari-
ous mammalian species indicates high rates of synonymous
versus non-synonymous nucleotide substitutions with an av-
erage d/d, value of 5.3 (Table S24). This reveals purifying
selection after these animals separated in time, and suggests
protein function in the extant species. Similar analyses for /-
15 (Table S2B) and /L-2 (Table S2C) in the nearly same sets
of mammalian species calculate dy/d,, values of only 3.8 and
2.8, respectively, which indicates that sequence conservation
pressure on IL-15L is relatively high compared to its family
members. At the protein level, the absolute degrees of conser-
vation appear similar within IL-15 and IL-15L evolution,
which in mammals are clearly higher than found for IL-2
(compare d, values in Table S2, but also see Fig. 3 and
Fig. S64 and C).

Analysis of deduced amino acid sequences; IL-15L is similar
to IL-2 and IL-15

Figure 3 compares amino acid sequences deduced from par-
tially reconstituted human /L-/5L pseudogene (human IL-
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encoded by: Exonl
a-helix A
-1 vV -10
cattle IL-15L MGVGRVSMWLLWTTLLLVLPLGGLG---——-—-——— PLLEP
rabbit IL-15L MWPLWTILLLGGLLGGLG--—----—-— TPL PFYFLVAIMKIL

MLLLWIILLLVQPWEGLG----~-=~ TRrrEnREPFYFLAR KR
MRGLHALLLVSLLTCFSVRG------- RRVEGKEATRVLONVTKLL

human IL-15Ly
turtle IL-15L

pufferfish IL-15L MRGGQTLCVLLLLSLTLOLAA---—-—— NNP SIDIKQNVQSLMKSVTNQ
&
pufferfish IL-15 *FLSLYTCHAAV------—-— VETSEVKTCITAIQPAIE
chicken IL-15 *AYVPKTEA--—-—------— NHCKWSDVLKDLELIKTSE
cattle IL-15 *CISASLPKTEA---—-——-—-———-—- NWQYVINDLKTIEHLIQ
human IL-15 *CFSAGLPKTEA--—————————— NWVNVISDLKKIEDLIQ
mouse IL-15 *CVSVGLPKTEA-———-———————— NWIDVRYDLEKIESLIQ

pufferfish IL-2
chicken IL-2
cattle IL-2
human IL-2

METFNRIYFGIVIVCVCL--PANSNP--—--——-——-——-— IRSDDSDIGVMKKNVIC
MMCKVLIFGCISVAMLMTTAYGASLSS-AKR--KPLOTLIKDLEILENIKN
MYKIQLLSCIALTLAL-VANGAPTSSSTGNTMKEVKSLLLDLQLLLEKVK
MYRMOLLSCIALSLAL-VTNSAPTSSSTKKTQLOLEHLLLDLOMILNGIN

human IL-21 MRSSPGNMERIVI-CLMVIFLGTLVHKSSS-QGQDRHMIRMRQLIDIVDQLKNYVNDL

Exon2

20 O .30
ENKNDGSLYTP--DNLL
GDKNDGTLYTP--DDLS
ENKNDDTLYTP--DDLS
GDATDGTLYTP——EDEE
DSMLYTPTTTDYR

KSDAMLYTPSANYVGWSSQGK
DIDVSLYTAN-TYED
SIHMDATLYTE--SDAH
SMHIDATLYTE--SDVH
SIHIDTTLYTD--SDFH
1 2
EQDSKFYTP--TNIK
KIHLELYTP--TETQ
NPENLKLSRMHTFDFYVP----KVN
NYKNPKLTRMLTFKF¥MP----KK
11 11 11222
VPEFLPAP--EDVE

human IL-4 MGLTSQLLPPLFFLLACAGNFVHG-——--—-— HKIDITLQEIIKTLNSLTEQK TLETELTVTDI*FAASK
encoded by: Exon3/4 (Exon3) (Exon4)
o-helix B, a-helix C o-helix D
-40 O 500 <60 Yy 70 <80 <90 -100 Vv -110

cattle IL-15L
rabbit IL-15L

AETLRCFRLELSVIGFEE

————————— GPSVGIVVFRLORLLDALGSQLWVI
—---GPSVGIAVFRLQRLLDALGSRLWVA

DQGPCP-PCEG]
SQGPCL-PCEG]

PQ-RPVPLFLAKLLELLQGTE@ARDLPSA
PQO-RPVPLFLAKLLELLQGACGAQHLSTA

human IL-15Ly VCBAETLGCSRLELSVIGFEE-—-—-——--- GPSMGTAVFQLQYLLDLLGSRLWVA-—--—-— SQGPCL-SCEGHPQ-RPVP--—-— LLELLQGACGAWHPTTA

turtle IL-15L VCMAENLNCFHTELRVIQWEH--—-—-—-—----— REHTESLSLLIRHLSQLEKLRTCK---—-- TDRQCH-PCEGHRE-QPKPQFLSKLLEQLQWDEWVQGSNMHSCPSWPG
pufferfish IL-15L KCIKSTMRCFTEEAKVLEREW ————————— KNMTVRLVKKLKVITDDLNQ PQLDCP-ECEL RE—NAVLKFLENLLGVLQAIYVDNIPSRPPAGG
pufferfish IL-15 KNCKNKSLKCYMLELLMVIDEEAE------- TGMYPNCINDENARLLPDNS VGCP-PCEVYPQ-NNITIFLRELONLLEEINVINRT

chicken IL-15 IECQEPVMRCFFLEMKVILHECDI-—---~— KKCSRKHDVRNIWKNGNARFATYQ LNSTTAKKCK-ECEEYEE-KNFTEFIQSFVKVIQRECKKYAN

cattle IL-15 PNCKVTAMQOCFLLELRVILHESKN--—-—-——-— ATIYEIIENLTMLANSNLSSIE NKTELGCK-ECEELEE-KSIKEFLKSFVHIVOMEFINTS

human IL-15 PSCKVTAMKCFLLELOVISLESGD----—--— ASTHDTVENLIILANNSLSSNG NVTESGCK-ECEELEE-KNIKEFLOSFVHIVQMFINTS

mouse IL-15 PSCKVTAMNCFLLELQVILHEYSN----—---— MTLNETVRNVLYLANSTLSSNK NVAESGCK-ECEELEE-KTFTEFLOSFIRIVOMFINTS

2 22 2 11

pufferfish IL-2
chicken IL-2

PECLTAALQCFKDELQTVKHECKD---PQONYINRTKGFLERVISTMKNE
ECTQQTLOCYLGEVVTLKKETED---DTEIKEEFVTATQONIEKNLKSLT

2222 2
EVNSNAC--SCESYSE-EPFPQFLNAMETLVQRFNSKARQNQOR
GLNHTGSECK-ICEANNK-KKFPDFLHELTNFVRYLQK

cattle IL-2

ATELKHLKCLLEELKLLEEVLNLAPSKNLNPREIKDSMDNIKRIVLELQ

GSETRFTCEYDDATVNAVEFLNKWITFCQSIYSTMT

human IL-2 ATELKHLOQCLEEELKPLEEVLNLAQSKNFHLR-PRDLISNINVIVLELK GSETTFMCEYADETATIVEFLNRWITFCQSIISTLT
22 2 11 1 22222
human IL-21 TNCEWSAFSCFQKAQLKSANT-——-—--— GNNERIINVSIKKLKRKPPSTNAGRRQKHRL TCP-SCDSYEK-KPPKEFLERFKSLLQK* *

human IL-4

NTTEKETFCRAATVLRQFYSHHEKDTRElhRHKQLIRFLKRLDRNLWGLAGL

NSCP**VKEANQ*STLENFLERLKTIMREKYSKISS

Fig.3 Alignment of deduced IL-15L, IL-15, IL-2, IL-21 and IL-4 amino
acid sequences. *, for IL-15 only leader peptide fragments encoded by
family consensus exonl are shown. **, the sequence encoded by the last
coding exon of /L-21 is not shown. Small font in the IL-4 sequence
relates to a fragment deleted for lay-out reasons (see Fig. S64). Gaps,
open spaces relate to exon borders, whereas hyphens connect residues
encoded by the same exon. X shaded red , frame-shift. Known or predict-
ed leader peptide and «-helix sequences are shaded gray and underlined,
respectively (based on IPD accessions 2PSM, 2Z3R, 1792, 1ITL and
3TGX for murine IL-15 and human IL-15, IL-2, IL-4 and IL-21, respec-
tively). Similar colored cysteines refer to known or expected disulfide
bridges. Several residues, including a cysteine pair, are rather specific for
IL-15L and are shaded green. Murine IL-15 and human IL-2 residues

15LA) and from intact IL-15L of cattle, rabbit, painted turtle,
and green pufferfish, with several IL-2 and IL-15 sequences
and human IL-21 and IL-4. Figure S64 shows a more exten-
sive sequence comparison including additional IL-15L, IL-15,
IL-2, IL-21 and IL-4 sequences, and also neoteleost fish-
specific IL-2-like (IL-2L). Such comparison of many highly
diverged but related sequences is helpful to deduce ancestral
motifs and to understand their gradual divergence in some
phylogenetic lineages. Our alignment is different from previ-
ous studies by inclusion of IL-15L and non-mammalian IL-2

with "1" or "2" indications below contribute to patches 1 and 2 of their
interface with IL-15Rx and IL-2R«, respectively. The patch 1 and 2
contributing residues of mammalian IL-15 are shaded blue and pink,
respectively, as are matching identical residues in the other compared
cytokines; circles above the alignment indicate the mammalian IL-15
residues which are key for IL-15R« binding (Olsen et al. 2007). The
diamonds indicate positions important for binding of IL-2 and IL-15 to
IL-2Rf chain, and the open inverted triangle indicates the glutamine
important for interaction with IL-2Ry chain (Wang et al. 2005; Ring et al.
2012). The solid inverted triangles indicate positions important for
binding of IL-4 and IL-21 to IL-4Rx and IL-21R«, respectively (Hage
et al. 1999; Bondensgaard et al. 2007, Hamming et al. 2012). For
database accessions, see Figs. S2 and S64

sequences (if, e.g., compared with Olsen et al. 2007), or by
proper alignment of binding motifs for IL-2Rx and IL-15R«x
(if, e.g., compared with Bei et al. 2006 or Gunimaladevi et al.
2007).

Similar to other short-chain helical cytokines (Rozwarski
etal. 1994), computer software predicts that IL-15L molecules
have a leader peptide (Fig. 3, gray shading) and four o-helices
A, B, C and D (Fig. 3, underlined). In Fig. 3, residues which
are rather specific for IL-15L are shaded green, and known or
expected disulfide bridges are indicated by identical color
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shading of contributing cysteines. A deduced ancestral motif
that can be found in many IL-2, IL-15, IL-15L and IL-21
molecules, while distinguishing them from other short-chain
helical cytokines, consists of two cysteine pairs (Fig. 3, yellow
and pink C's), an LXTP motif (residues 27-30), F44, D/E89
and Q108 (Fig. 3 and Fig. S64 ; residue numbering throughout
this article agrees with numbers above these alignments). The
IL-15L molecules have an additional cysteine pair (Fig. 3,
green C's) which may connect the N- and C-terminal regions
by disulfide bridge as found in human IL-4 (magenta C's); a
similar bridge may also be present in avian IL-15 (orange C's).
The residues Y28, E47 and D/E54 are well conserved between
IL-2, IL-15 and IL-15L, but are absent in most IL-21, and
these are exactly the key residues for binding of IL-15 to IL-
15Rx (Olsen et al. 2007; see below). This agrees with IL-21
not binding a sushi-domain containing receptor (Leonard
2008). It is notable that only after the ancestors of mam-
mals and birds separated, IL-2 in the mammalian lineage
differentiated from family consensus by losing a cysteine
pair (Fig. 3, yellow C's), by getting a longer exon2, and
by losing the above-mentioned D/E54 residue (Fig. 3 and
Fig. S64).

Phylogeny within the IL-2/15/15L family; IL-2 and IL-15
may be each other's closest relatives

The members of the short chain helix cytokine family rapidly
diverged, and even cysteine bridges and helix lengths are not
well conserved (Rozwarski et al. 1994). The ancientness of the
phylogenetic issues in question, the evolutionary rapidness of
the changes, the plasticity of the sequences and molecule
structures, and also the shortness of this family of molecules,
make it difficult for specialized software programs to resolve
their phylogenetic relationships (Fig. S6B; e.g., Gunimaladevi
et al. 2007; Kono et al. 2008), because of the following
reasons: (1) "chance occurrence" — rather than homogenous
gradual diversification — played a relatively large role in how
much the molecules diverged from the original; (2) various
amino acid positions may be "saturated" from calculation
perspective (Van de Peer et al. 2002); (3) alignments remain
questionable. Therefore, for the distinction of IL-2/15/15L/21
and IL-2/15/15L as true phylogenetic (sub-)families, we be-
lieve that better evidence is provided by the distribution of
"hallmark" motifs such as discussed in the above paragraph.
Furthermore, percentages of identical amino acids also sup-
port the existence of the IL-2/15/15L family as a true phylo-
genetic group (Fig. S6C). The similarity comparisons in
Fig. S6C underline that mammalian IL-2 differentiated to a
relatively high degree from family consensus, an observation
made as well for IL-2 in turtles (Fig. S6C) which similar to
mammalian IL-2 did not retain all family consensus cysteine
pairs (Fig. S64).

@ Springer

Our alignments of the highly differentiated o-helices A and
C (Fig. 3 and Fig. S64) remain discussable between different
cytokines, but in some instances also between sequences of
the same cytokine in different species. Nevertheless, for spec-
ulation on phylogeny within the IL-2/15/15L family it may be
useful to look at the D11+N65 motif which in both mamma-
lian IL-2 and IL-15 is important for binding IL-2Rf3 (e.g.,
Wang et al. 2005; Ring et al. 2012), and which is not found in
IL-15L (diamonds in Fig. 3 and Fig. S64). IL-15L may share
an evolutionary older motif for type I receptor binding, name-
ly, E/Q7+R68, with IL-21 and IL-4 (Hage et al. 1999;
Bondensgaard et al. 2007; Hamming et al. 2012; inverted
solid triangles in Fig. 3 and Fig. S64). The Q107 residue
important for binding IL-2Ry found in IL-2, IL-15 and IL-21
(Wang et al. 2005; Ring et al. 2012; Hamming et al. 2012) is
highly conserved in IL-15L (inverted open triangle in Fig. 3
and Fig. S64), and we speculate that IL-15L can bind one of
the type I receptors IL-2R3-IL-2R7y or IL-21RocIL-2Ry in a
similar manner as by which IL-4 and IL-21 bind their respec-
tive type I receptors, which roughly includes one turn helical
shifts of the cytokine helices A and C over the receptor
binding site if compared with IL-2 and IL-15 (Bondensgaard
et al. 2007; Hamming et al. 2012). If the mode by which IL-2
and IL-15 bind their type I receptor is unique and different
from IL-15L indeed, that would suggest that IL-2 and IL-15
are each other's closest relatives. Future structural analyses of
the type I receptor binding modes of IL-2/15/15L family
members other than mammalian IL-2 and IL-15 should be
helpful to clarify this matter.

Conservation of binding motifs for IL-15R«
in the IL-2/15/15L family; recombinant IL-15L interacts
with IL-15R«

Olsen et al. (2007) distinguished the two regions of the mam-
malian IL-15-IL-15Rx interface as "patch 1" and "patch 2",
and in Fig. 3 the IL-15 residues contributing to these interac-
tions are indicated with "1" and "2" below and the residues are
shaded blue and pink, respectively. Identical residues in the
other aligned sequences are shaded equally, and the most
important key residues for IL-15R« interaction (Olsen et al.
2007) are indicated by circles above the alignment. Although
the IL-15-IL-15R« interface patches 1 and 2 spatially roughly
correspond with the two regions of the mammalian IL-2-1L-
2R« interface (Fig. 3, contributing IL-2 residues are indicated
with "1" and "2" below), only the patch 2 residues in mam-
malian IL-2 resemble those of IL-15 (Rickert et al. 2005;
Wang et al. 2005; Stauber et al. 2006; Chirifu et al. 2007;
Olsen et al. 2007; Ring et al. 2012). Whereas the dominant
patch 1 interactions are charged in IL-15-IL-15R«, they are
hydrophobic in mammalian IL-2-IL-2Re, with a prominent
role for IL-2 residue F25 (Rickert et al. 2005; Olsen et al.
2007). Figure 3 shows that only in mammalian IL-2 the patch
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1 residues markedly differ from IL-2/15/15L family consen-
sus, and indeed it was found that in teleost fish both IL-2 and
IL-15 can bind IL-15Ra (Wen et al. 2011).

As expected from the sequence alignment (Fig. 3 and
Fig. S64), IL-15L could be shown to interact with IL-15R«x
in experiments using mammalian cells transfected with DNA
plasmid expression vectors (Fig. S74). In particular, recombi-
nant bovine IL-15L was found on the surface of transfected
cells only in the presence of recombinant bovine IL-15Ro and
not in the presence of recombinant bovine IL-2Ro or absence
of recombinant receptor (Fig. 4, upper left histograms), while
the IL-15L molecules could be found intracellularly in all three
experiments (Fig. 4, lower left histograms). Furthermore, re-
combinant co-expression with soluble bovine IL-15R « resulted
in detectable IL-15L in the cell supernatant, whereas recombi-
nant expression of IL-15L alone did not (Fig. S7B). These
experiments (Fig. 4 and Fig. S7) suggest that bovine IL-15L
depends on interaction with IL-15R« for efficient transport to

Fig. 4 Surface presentation of

anti-FLAG

and/or stability in the extracellular space, reminiscent of previ-
ous findings for IL-15 (Bergamaschi et al. 2008, 2012).

Remarkable conservation throughout jawed vertebrates
of the IL-15Ra motif for cytokine binding

Olsen et al. (2007) concluded that important IL-15R « residues
for binding IL-15 were well conserved between birds and
mammals. Fang et al. (2007) already reported /L-I/5Ra in
teleost fish, and in the present study our database searches
identified /L-15Ra sequences in gar and elephant shark,
which are primitive bony and cartilaginous fishes, respective-
ly. Sequence comparisons show that also in IL-15R« of fishes
the motif for IL-15 binding is very well conserved (Fig. 5). In
Fig. 5, the single-exon encoded major part of the sushi domain
of IL-15R« is aligned with corresponding sequences of the
first sushi domain of IL-2R« in representative animals; these
sequence fragments contain most of the cytokine binding
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CSTPK---KVEHAN--DIEGEYKLDSVVRYKCQTDYKREAGTSNLAVCML--1DGKAQWSY-GNISCT
YCSPPAPLSDTEHPN--LARR-FNEGAVFRYNCTVGYVRKAGTSNLIRCV--KKNNTLVWSQ-SNLICI
ESACPCPKI--PPVNLTEAPPTDCFQIDAKFRYKCKAGYVRKAGRSNLITCIL-~KGHRAEWTQ-PDLLCT
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Fig.5 Alignment of major parts of the sushi-domain of IL-15R« and the
first sushi-domain of IL-2R« in representative species. All depicted
fragments are encoded by a single exon. The numbers 1 and 2 above
and below the alignment indicate the human IL-15R« and IL-2Rx
residues, which interact with IL-15 and IL-2 in patches 1 and 2, respec-
tively, with the important key residues being underlined (Rickert et al.
2005; Olsen etal. 2007). To highlight the evolutionary conservation of the
IL-15R« residues contributing to patches 1 and 2, these residues are
shaded blue and pink throughout the alignment, including in IL-2Ra.
Other human IL-2R« residues contributing to binding patches 1 and 2, or

residues. To our knowledge, Fig. 5 constitutes the first analy-
sis of the evolution of the cytokine binding motif of IL-2R«.
In fish no IL-2R « sequences could be found (see also Wen
et al. 2011), and it is unclear whether in bony fish /L-2R
gene was lost or that /L-2R o was only established in the
tetrapod line (Fig. SIC-F).

In Fig. 5, the human IL-15R« residues for binding IL-15
are colored blue and pink for patches 1 and 2, respectively, as
was done for identical matching residues of the other se-
quences in the alignment. The well conserved IL-15Rx motif
for binding IL-15 is not known in other sushi-domain mole-
cules (http://smart.embl.de) and hence at the level of
cartilaginous fish already an IL-2/15/15L family member with
high affinity for IL-15Ro may have established, although we
have not found a matching cytokine gene yet in this group of
species for which sequence databases are incomplete. In da-
tabases of animals more primitive than jawed vertebrates, we
could not find genes for IL-2/15/15L family cytokines or for
IL-2Ra/15R & receptors. In comparison with IL-15R« to IL-
15 binding, the IL-2R«x residues for binding IL-2 are con-
served rather poorly between species (Fig. 5), which agrees
with the diversification of the IL-2 sequences (Fig. 3 and Fig.
S6) and the relative weakness of the binding between IL-2R
and IL-2. The fact that the binding motif for IL-15Rex is well
conserved in IL-15L suggests that this cytokine binds IL-
I5Ra with high affinity, but that remains to be determined
experimentally.

Conservation of residue E47 throughout the 1L-2/15/15L
cytokines (Fig. 3 and Fig. S64) and residue R35 throughout
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binding to IL-2 residues contributing to those patches, are shaded green
(except the sushi-domain specific cysteine) and orange, as are identical
matching residues in the other aligned sequences. In human IL-2R«, the
first and second sushi-domains engage in a beta strand exchange event in
which the first 18 residues depicted here are swapped with a stretch of
domain 2; this 1-18 region is thus not functionally comparable with the
IL-15Ra fragments to which it is aligned here. The IL-2Re residues
indicated by pound symbols (#) interact with IL-2 residues that contribute
to patch 1 (Rickert et al. 2005). For GenBank accession numbers, see
Fig. S1F

the IL-2Ro/15R o molecules agrees with the findings that
these residues interact with each other in both IL-2-IL-2Ra
and IL-15-IL-15Rx complexes (Rickert et al. 2005; Olsen
et al. 2007). Also notable is that IL-15 residue E54 interacts
with IL-15R« residue R26 (Chirifu et al. 2007; Olsen et al.
2007), and that Figs. 3 and 5 and Fig. S64 and show that
mammalian IL-2 and IL-2R« lack those residues, but that in
IL-2 and IL-2R of several more primitive species including
chicken those residues can be found. Thus, it will be interest-
ing to investigate when in evolution IL-2 and IL-15 acquired
specificity for their individual receptor chains IL-2R o and IL-
15R«. In Text S1.2 we speculate about that development, also
in regard to cis - versus frans-presentation and the association
of IL-2 with Treg function.

Conclusion and future prospects

IL-2 and IL-15 are among the most potent and best studied
cytokines, and it is surprising that with /L-/5L a gene for an
unknown mammalian family member could be detected.
Although in many eutherian mammals the /L-/5L ORF was
incapacitated, in the most important agricultural mammals
intact /L-15L was found, and rates of synonymous versus
non-synonymous nucleotide exchanges do suggest preserva-
tion of protein function. Our continuing lines of research
involve a search for endogenous IL-15L protein, and produc-
tion of stable recombinant IL-15L protein, the latter which
currently proves difficult (not shown). After IL-15L function
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will be known we can speculate about possible use in veter-
inary medicine. Hopefully and importantly, future understand-
ing of IL-15L-IL-15R« structure may inspire widening of the
range of agonists and antagonists for regulating IL-15 path-
ways in human medicine (e.g., Bernard et al. 2004; Zhu et al.
2009). Clarification of the evolution of the IL-2/15/15L family
may also help to understand medically relevant mechanisms
deciding between immune tolerance, in which IL-2 plays an
important role, and inflammation mediated by IL-15. In sum-
mary, the intriguing conclusion of our study is that the mam-
malian IL-2 and IL-15 pathways developed in the presence of
another IL-15R« binding molecule, namely IL-15L. And,
furthermore, that motifs for cytokine with sushi-domain re-
ceptor chain interaction were very well conserved despite
enormous diversification of the overall cytokine sequences,
with the notable exception of the IL-2 system in the mamma-
lian lineage which partially acquired a new and unique
cytokine-to-receptor binding mode.

Materials and methods
General

Details and additional materials and methods are described in
Text S1.1.

Database searching and genetic software analysis

Sequence databases at the National Center for Biotechnology
Information (NCBI; http://www.ncbi.nlm.nih.gov/), Emsembl
(http://www.ensembl.org/index.html) and the Elephant Shark
Genome Project (http://esharkgenome.imcb.a-star.edu.sg/) were
screened for IL-2, IL-15, IL-15L, IL-2Rav and IL-15Rcv.
Leader peptides were predicted by SignalP software (http://
www.cbs.dtu.dk/services/SignalP/) and alpha-helices were pre-
dicted by Phyre software (http://www.sbg.bio.ic.ac.uk/~phyre/).

Analysis by fluorescence-activated cell sorting (FACS)
of transfected cells

HEK293 cells were transfected with plasmids described in
Fig. S6, and 2 days after transfection half of the cells were
fixed with 4 % paraformaldehyde, followed by perme-
abilization with 0.01 % digitonin. Both unfixed and fixed/
permeabilized cells were subsequently stained with the mu-
rine monoclonal antibodies "ANTI-FLAG® M2" (Sigma) or
"MADb to C-myc" (Meridian Life Science), washed, and then
incubated with Alexa Fluor® 488 F(ab”)2 fragment of goat
anti-mouse IgG (H + L) (Fisher Scientific). After a final
washing step, cells were resuspended with FACS buffer con-
taining propidium iodide (PI) and analyzed with a BD

FACSCalibur flow cytometer (Becton Dickinson). Non-
fixed PI-negative cells were regarded as live cells.
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