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A B S T R A C T

The γc family of cytokines comprising interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15 and IL-2 is an important group
of 4-helix bundle cytokines that signals through receptors incorporating the common gamma chain (γc). These
cytokines are involved in lymphocyte biology and their specific functions are contingent on binding to cognate
receptor chains. Here, we examined the structural relationships between γc cytokines, aiming to understand the
basis for receptor chain usage and sharing. To that end, we obtained tertiary structures of human and mouse γc
cytokines plus two other related cytokines, IL-13 and TSLP, which share receptors with IL-4 and IL-7, respec-
tively. Subsequently, we compared the cytokine 3D-structures introducing a structural similarity score that
grouped γc cytokines in a manner that mirrored the relationships dictated by receptor sharing. Unlike previously
thought, we identified that IL-9 is more closely related to IL-2 and IL-15 than to IL-7, which is actually the most
distant member of the γc family of cytokines. Moreover, we found that all the members of the γc family of
cytokines share the topology of short-chain 4-helix bundle cytokines but IL-7 that with TSLP has the topology of
long-chain 4-helix bundle cytokines. We also carried out Maximun-Likehood and Bayesian phylogenetic analyses
that supported these results at the amino acid sequence level. Overall, our findings are of paramount relevance to
understand receptor sharing among γc cytokines and can lead to the discovery of new cytokine receptor partners.

1. Introduction

Cytokines are a diverse group of cell-signaling soluble factors that
play a key role in immunity, regulating the development and activity of
many cell types. Cytokines can be classified by different criteria, in-
cluding function, range of action, cell type that produce them and
structure [1]. An important and numerous group of cytokines have a
fold consisting of a helical bundle made of four α-helices, designated A,
B, C, D, with a unique up-up-down-down topology [2,3]. Four-helix
bundle cytokines has been traditionally divided into short-chain and
long-chain based on the length of the α-helices and some other struc-
tural/topological considerations. In particular, short-chain 4-helix
bundle cytokines has an A–B crossover connection that passes behind
helix D while the same crossover passes in front of helix D in long-chain
cytokines [2,3].

Four-helix bundle cytokines signals through receptor complexes
made of one or more distinct class I cytokine receptor chains, also
known as hematopoetin receptors. These receptors feature a cytokine-
binding homology region (CHR) comprising two Ig-like fibronectin type
III (FNIII) domains [4] and are often shared by different cytokines [5].
The best studied paradigm is that of the common γ chain receptor, γc,
that it is a shared by interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL-15 and IL-21
[6]. The γc receptor was first described as the IL-2 receptor γ chain (IL-

2Rγ) [7] and defects were shown to cause x-linked severe combined
immunodeficiency disease (SCID) [8] highlighting its pivotal role.
Herein, we will focus on the γc family of cytokines, also known as the
IL-2 family.

The cytokines of IL-2 family are essential for the development and
survival of lymphocytes [9]. They have been classified within the group
of short-chain 4-helix bundle cytokines [10–12] and bind to receptor
complexes that include private and shared receptor chains [5,13]. IL-4,
IL-7, IL-9 and IL-21 bind to heterodimeric receptors consisting of the γc
and IL-4Rα, IL-7Rα, IL-9Rα and IL-21Rα chains, respectively (Fig. 2). In
contrast, IL-2 and IL-15 bind to heterotrimers receptors consisting of
shared γc and IL-2Rβ chains plus the specific IL-2Rα or IL-15Rα chains
(Fig. 2), respectively, which actually do not belong to the family of
hematopoietin receptors; they both engage cytokines through sushi
domains instead of FNIII domains [14,15]. Receptor sharing is not
limited to the γc and IL-2Rβ chains. Interestingly, IL-4 can also bind to a
receptor heterodimer consisting of IL-4Rα and IL-13Rα1, which is, in
addition, the functional receptor of IL-13 [16,17]. Likewise, IL-7Rα is
also the receptor of thymic stromal-derived lymphopoietin (TSLP) in
combination with the TSLP Receptor (TSLPR) [18,19] (Fig. 1). Both
TSLPR and IL-13Rα1 are more related to γc than to other class I cyto-
kine receptors [11].

Hematopoetin receptors signal through protein tyrosine kinases of
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the Janus family (JAK) that, associated to their cytoplasmic tails,
phosphorylate specific STAT (Signal Transducer and Activator of
Transcription) proteins. JAK activation and signal transduction occurs
when individual receptor chains are brought together thanks to the
binding of the cytokines, which act as signaling switches. Biochemical
and structural studies have revealed that γc cytokines engage their re-
ceptors in an orderly and conserved manner [5,20]. IL-4, IL-7, IL-9 and
IL-21 bind first to the α receptors via helix C and A and subsequently
bind to the γc chain using mostly helix D [20]. IL-2 and IL-15 binds to
IL-2Rβ and γc following this same paradigm but in addition can bind
first to the private α receptors by a region comprising helix B [21,22].
Likewise, IL-4 and IL-13 also engage IL-4Rα via helices A and C and IL-
13Rα1 with helix D. However, while IL-4 binds first to IL-4Rα and then
to IL-13Rα1, IL-13 follows the opposite order [17] Similarly, TSLP bind
first to TSLPR receptor through helix D and then to IL-7Rα through
helices A and C [23 24].

Despite γc cytokines share and engage receptors in a similar manner
sequence identity between the members of the family is surprisingly
low, under 19%. Such a low sequence identity hinders the identification
of functional and evolutionary relationships between these cytokines.
Moreover, it supports the presence of additional cytokine receptors.
Given the lack of sequence identity, shape complementarity has been to
postulated to play a dominant role determining receptor sharing [5]. In
this study, we compared the tridimensional (3D)-structures of mouse
and human γc families plus mouse and human TSLP and IL-13 (out-
group cytokines) through unsupervised clustering. To this end, we first
obtained 3D-structures of all cytokines, completing those with missing
residues and modeling the 3D-strucutre of cytokines like IL-9 without
solved structures. In addition, we also carried out phylogenetic analyses

upon a structure-guide multiple sequence alignment of the mentioned
cytokines. In contrast to the current view, structural and sequence
comparisons indicated that IL-9 is closer to IL-2 and IL-15 than to IL-7.
Moreover, we found that all γc cytokines share the topology of short-
chain 4-helix bundle cytokines but IL-7, which resemble that of long-
chain cytokines. These results emphasize the value of structural studies
in determining relationships between cytokines and can lead to unravel
new functional cytokine receptor complexes.

2. Material and methods

2.1. Cytokine sequences and 3D-structures

Mouse and human IL-2, IL-4, IL-7, IL-9, IL-15, IL-13 and TSLP were
obtained from the UNIPROTKB database [25]. We identified available
representative 3D-structures of these cytokines upon BLAST searches
[26] against the Brookhaven Protein Data Bank (PDB) subset of protein
sequences at the NCBI. UNIPROTKB accession numbers and re-
presentative PDB codes of the cytokines used in this study are indicated
in Table 1 (we did not considered PDBs corresponding to mutant cy-
tokine sequences). Subsequently, we retrieved the relevant PDB files
and used RASMOL [27] to visualize all structures and verify those with
missing residues in connecting loops (indicated in Table 1).

2.2. Tertiary-structure modeling

We used the I-TASSER server [28] to model the 3D-structure of
cytokines without solved 3D-strucure, including mouse IL-9 and human
IL-9, and to complete the 3D-structure of cytokines with missing re-
sidues in connecting loops. In addition, we also completed the 3D-
structure of mouse IL-2 (PDB: 4YQX) adding 7 Gln residues at the N-
terminus thus making helix A comparable in length to that of human IL-
2. I-TASSER uses iterative threading reassemble refinement and con-
sistently ranks among the top 3D-strucuture modeling methods in Cri-
tical Assessment of protein Structure Prediction (CASP) competitions
[29] For those cytokines without any 3D-structure available, we en-
tered in the server the sequence corresponding to the matured cytokine
polypeptide as identified in UNIPROTKB. For those cytokines with in-
complete 3D-strucutres, we entered in the server the amino acid se-
quence obtained after the relevant PDBs completed with the missing
residues. We only considered the top ranking model reported by I-
TASSER according to computed c-scores. The c-score is a confidence
measure of the quality of predicted models by I-TASSER. The values of
c-score typically range between −5 and 2 with high values translating
in high confidence models.

Fig. 1. γc cytokine-receptor interactions. The figure shows γc cytokines and
their interactions with their cognate receptors. IL-13 and TSLP share receptors
with γc cytokines and are also included. Cytokine-receptors that are connected
by a double line and shown in the same color are more closely related to each
other than to other receptors and engage the same cytokine helices. γc cyto-
kines bind to their cognates receptors in an elbow shaped region formed by the
two conjoined FNIII3 domains in an orderly manner indicated by arrow di-
rections. γc cytokines engage the alpha receptor chains by helix C (yellow),
IL2Rβ in the case of IL-2 and IL-15, and then the γc chain by helix D (red). Helix
A of the cytokine binds to both receptor chains (not indicated). IL-2 and IL-15
signal through heterotrimeric receptors and in addition to IL2Rβ and γc chains
bind to private alpha receptors, IL-2Rα and IL-15Rα, respectively, that do not
participate in signaling and are not type I cytokine receptors. As shown in the
figure, IL-4 also signals through a heterodimeric receptor in which IL-13Rα1
substitutes the γc chain. This same receptor combination, IL-4Rα and IL-13Rα1,
is the functional receptor of IL-13. However, while IL-4 binds first to IL-4Rα and
then to γc or IL-13Rα1, IL-13 engage first with IL-13Rα1 and then IL-4Rα.
Likewise, TSLP engages first TSLPR and then IL-7Rα. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Table 1
Uniprot and PDB accession codes of cytokines analyzed in this study.

Cytokines UNIPROTKB ENTRY UNIPROTKB AC PDB Missing residues1

hIL-2 IL2_HUMAN P60568 1M47 YES
mIL-2 IL2_MOUSE P04351 4YQX NO
hIL-9 IL9_MOUSE P15247 NA –
mIL-9 IL9_HUMAN P15248 NA –
hIL-21 IL21_HUMAN Q9HBE4 2OQP
mIL-21 IL21_MOUSE Q9ES17 NA –
hIL-7 IL7_HUMAN P13232 3DI2 YES
mIL-7 IL7_MOUSE P10168 NA –
hIL-15 IL15_HUMAN P40933 2Z3Q YES
mIL-15 IL15_MOUSE P48346 2PSM NO
hIL-4 IL4_HUMAN P05112 2INT NO
mIL-4 IL4_MOUSE P07750 NA –
hIL-13 IL13_HUMAN P35225 3LB6 NO
mIL-13 IL13_MOUSE P20109 NA –
hTSLP TSLP_HUMAN Q969D9 4NN5 YES
mTSLP TSLP_MOUSE Q9JIE6 5J11 YES

1 Whether the selected 3D-structure have missing intercalating residues. NA:
Not available.
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2.3. Comparison of cytokine 3D-structures

Prior to comparing the cytokine 3D-structures, we inspected all the
3D-structures using RASMOL [27], both modeled or experimental, and
discard N-terminal and C-terminal residue extensions spanning beyond
the first and last helix of the 4-helical bundle. Subsequently, we carried
pairwise superimpositions/alignments of all-vs-all cytokine 3D-struc-
tures using DaliLite [30] and built two different types of square ma-
trices after Zij and Sij coefficients, respectively. Zij matrix coefficients
consisted of Z-scores reported by DaliLite resulting from aligning
structure i and j, and Sij represented the percentage of aligned residues
(S-scores) as computed by Eq. (1).

= ∗S
A
L

100ij
ij

ij (1)

were i, j, represent cytokines i and j, whose 3D-strutures has been
aligned, Aij is the number of aligned residues reported by DaliLite and
Lij is s the shortest of the sequence length of cytokines i and j. Subse-
quently, we used the R-package PVCLUST [31] to cluster the cytokine
3D-structures upon the described matrices. PVCLUST reports for each
cluster two probability values, an approximately unbiased (AU) p-value
and a bootstrap probability (BP) value, that are computed upon boot-
strap analyses. Of those two, we chose to show p-values to assess branch
confidence. We selected euclidean distances and ward method [32] to
generate clusters. Cladograms generated by PVCLUST were converted
to phylograms using the R-package APE [33]. The author will provide
upon written request the R code used to generate cladrograms and
phylograms.

2.4. Multiple sequence alignments and phylogenetic analysis

We obtained a structure-guided multiple sequence alignment (MSA)
of mouse and human IL-2 cytokine family members and IL-13 and TLSP
using PROMALS3D [34]. We executed PROMALS3D with the Dali op-
tion which utilize DaliLite [30] for 3D-structure guidance. For these
alignments, we only aligned the portion of the cytokine sequences
containing the 4-helix bundle identified from the relevant 3D-structures
as indicated elsewhere.

To analyze cytokine sequence kinship, we produced phylogenetic

trees upon the generated MSA using CLUSTLAX [35], IQTREE [36] and
MrBayes [37]. In CLUSTLAX we produced bootstrap neighbor-joining
[38] trees using 1000 replications to address branch confidence [39].
IQTREE estimates phylogeny using Maximun-Likehood [40] and we
used the software to generate optimal tress combining the model finder
option with bootstrapping (‘-m TEST -alrt 1000 -bb 1000’). We used
MrBayes to perform bayesian phylogenetic inference [41] using the
following parameters. We set the priors to a fixed “wag” amino acid rate
matrix model (prset aamodelpr= fixed(wag)), the likelihood model to a
gamma distribution with invariable sites and 4 categories (lset
rates= invgamma Ngammacat= 4), and carried Markov chain Monte
Carlo (MCMC) simulations over five runs of 500,000 generations, with
sampling frequency of 10 (mcmc nchains= 4 ngen=500000 nruns= 5
printfreq= 1000 samplefreq= 10 savebrlens= yes starttree= random).
Branch support was evaluated by posterior probabilities after a burn-in
of 25%. After the simulations the topological convergence diagnostic
was lower than 0.005.

2.5. Other procedures

We used PyMOL Molecular Graphics System for generating mole-
cular renderings and DSSP [42] for secondary structure assignments. To
evaluate quality of 3D-structures, we used PROCHECK [43] at the
SAVES site: http://servicesn.mbi.ucla.edu/SAVES/. We used FigTree
for drawing phylogenetic trees (http://tree.bio.ed.ac.uk/software/
figtree/).

3. Results and discussion

3.1. Generation of 3D-structure models of γc cytokines and related
cytokines sharing receptors chains

To investigate structural relationships among γc cytokines we also
considered TSLP and IL-13, as they share receptors with IL-7 and IL-4.
All these cytokines have been extensively studied and we sought for
human and mouse solved 3D-structures. We identified representative
3D-structures for all the cytokines but IL-9, whose structure remains to
be determined. IL-21, IL-7 and IL-4 3D-structures were available for
human but not mouse. In addition, some of the identified cytokine

Table 2
Analysis of cytokine 3D-structures used in this study.

Cytokines PDB1 I-TASSER2 Modeling Residues Ramachandran Plot Statistics
c-scores Top Template % FR % DR

hIL-2 1M47(X-RAY) 1.49 1irlA (hIL-2) S6–L132 98.4 1.7
mIL-2 4YQX (X-RAY) 1.03 4yqxA (mIL-2) Q20–S147 96.0 0.8
hIL-9 NA −1.39 2z3qA (hIL-15) G2-G121 92.6 3.7
mIL-9 NA −1.24 2z3rA (hIL-15) R2-R121 91.7 4.6
hIL-21 2OQP (NMR) – – R6–L124 95.4 1.9
mIL-21 NA 1.25 2oqpA (hIL-13) R10–L128 96.2 1.9
hIL-7 3DI3 (X-RAY)* 0.02 3di3A (hIL-7) K7-M147 97.7 0.8
mIL-7 NA 0.5 3di3A (hIL-7) K7-K126 95.6 1.8
hIL-15 2Z3Q (X-RAY)* 1.52 2z3rO (hIL-15) N1-S114 99.1 0
mIL-15 2PSM (X-RAY) – – N1-S114 100 0
hIL-4 2INT (X-RAY) – – C3-C127 98.3 0.8
mIL-4 NA 1.28 1ITI (hIL-4) C5-S120 98.2 0.9
hIL-13 3LB6 (X-RAY)* – – T8-G110 100 0
mIL-13 NA 0.81 1ga3A (hIL-13) L10-G108 100 0
hTSLP 5J11* 0.93 5j11A (hTSLP) D7-R125 96.3 3.6
mTSLP 4NN5* 1.18 4NN5 (mTSLP) N7-Q118 99.0 0

1 PDB codes with representative cytokine 3D-structures. NA, Not Available.
* PDB with missing residues in connecting regions.
2 Cytokines without solved structure or missing some residues in the solved structures were subjected to modeling using I-TASSER. We also model the 3D-structure

of mIL-2 to include 6N-terminal Qln residues. We show c-scores of top models (model 1) and PDB codes with chain id (capital letter) of top-templates used by I-
TASSER (in bracket the cytokine corresponding to the PDB). Solved 3D-structure and theoretical models were evaluated using Ramachandran plots and we indicate
the fraction of residues that showed in favored regions (%FR) and in disallowed regions (%DR). In column “Residues” we show the cytokine region that was
considered for PROCHECK analysis and further structural comparisons. Cytokine PDBs used for structural comparisons are provided in Supporting Material 1.
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structures, including those of human IL-15 and IL-7, human and mouse
TSLP and mouse IL-2 have missing residues in connecting regions or
were incomplete. Subsequently, we used I-TASSER to generate 3D-
structure models for all the relevant cytokines with either no solved 3D-
structures or solved 3D-structures with missing residues (details in
Material and Methods).

As expected I-TASSER built cytokine 3D-models after counterparts
with representative 3D-structure when available (Table 2). Thus, I-
TASSER generated 3D-structures of mouse IL-21, IL-7 and IL-4 upon the
know 3D-structures of human IL-21, IL-7 and IL-4 respectively. Like-
wise, I-TASER completed the 3D-structures of cytokines with missing
residues upon the corresponding solved 3D-structures. Models’ con-
fidence values (c-scores) were quite high in these two scenarios and
ranged from 0.02 (hIL-7) to 1.52 (mIL-13). Interestingly, human and
mouse IL-7 models had the lowest c-scores, 0.02 and 0.5, respectively,
of all the models generated for cytokines with available representative
3D-structures. Note that we generated 3D-models for mouse and human
IL-7 since the available 3D-structures missed some residues. Overall,
however, the lowest c-scores corresponded to the models generated for
human and mouse IL-9 (Table 2).

The human and mouse IL-9 models generated by I-TASER had
confidence values of −1.39 and −1.24, respectively. Interestingly, the
top template 3D-structures picked by I-TASER to model the 3D-struc-
ture of IL-9 corresponded to IL-15 (Table 2) while IL-7 was not con-
sidered. This result was both interesting and unexpected as IL-9 and IL-
7 had long been considered within the same family [44] (INTERPRO
family IPR000226). Given that c-scores of the IL-9 models were some-
what low, yet above the median value of the c-score range (−5, 2), we
evaluated the quality of the IL-9 models using PROCHECK and found
that it was comparable with both, that of the remaining models and that
of the experimental 3D-structures (Table 2). Thus, we believe that 3D-
strucutre of IL-9 modeled here is reasonably correct. The 3D-co-
ordinates of hIL-9 and mIL-9 are provided in Supporting Material 1.

The predicted 3D-structure of IL-9 is that of a short-chain 4-helical
bundle cytokines, in which the segment connecting helices A and B pass
behind helix D (Fig. 2). Some short-chain 4-helical bundle cytokines
often bear a two-stranded β-sheet where the two connecting crossovers
meet [2] that is absent in IL-9 models (Fig. 2). However, a secondary
structure analysis of the IL-9 models using DSSP finds β-strand pro-
pensity in that region (data not shown) and it cannot be discarded that
a two-stranded β-sheet will turn out in that region once the structure is
solved.

3.2. Structural comparison of γc cytokines and related cytokines sharing
receptors chains

To analyze kinship between γc cytokines, we carried out all-vs-all

pairwise cytokine 3D-structure alignments and obtained structural si-
milarity matrices after Z-scores and S-scores (details in Material and
Methods). Z- and S-score matrices are provided in Supporting Material
2 and 3, respectively. Subsequently, we carried an unsupervised clus-
tering analysis with statistics support using PVCLUST as detailed in
Material and Methods. The results of such analysis are shown in Fig. 3.

The phylogram obtained after S-cores (S-phylogram, Fig. 3A) di-
vides γc cytokines in two groups, one including IL-7 that clusters/
branches with TSLP and another including the remaining γc cytokines
and IL-13 (p-value=100). In this second cluster, IL-21 splits apart from
IL-2, IL-4, IL-9 and IL-15 that cluster together (p-value= 82). Within
this group, IL-4 clusters with IL-13 with great confidence (p-
value= 93) and so IL-9 with IL-2 and IL-19 (p-value= 95). This clus-
tering schema is somewhat different from that obtained after Z-scores
(Z-phylogram, Fig. 3B). In the Z-phylogram, there are also two main
branches. The branch with greater confidence value (p-value=89)
includes IL-21 along with IL-2, IL-9 and IL15 that again branch together
(p-value=88). However, IL-9 is closer to IL-15 than to IL-2 in this
phylogram, while in the previously described S-phylogram IL-9 is closer
to IL-2. However, the major different between the Z-phylogram and the
S-phylogram lies in the second main branch, which, in the Z-phylo-
gram, includes IL-4 and IL-13 along with IL-7 and TSLP. Moreover, IL-7
appears closer to IL-4 and IL-13 (p-value=81) than to TSLP that ap-
pears as the most distant cytokine in this group.

In sum, both, Z-scores and S-scores led to the clustering of IL-9 with
IL-2 and IL-15. However, the S-phylogram obtained upon clustering S-
scores (percentage of 3D-aligned residues) better reflects the know re-
lationships between γc cytokines and other related cytokines that are
dictated by receptor sharing. This was confirmed upon inspecting the
topology of all γc cytokines, as we found that IL-7 is indeed different
from the remaining cytokines. Thus, all γc cytokines but IL-7 share the
topology of short-chain 4-helex bundle cytokines (Fig. 4A). Surpris-
ingly, IL-7 and TSLP exhibit the typical topology of long-chain 4-helex
bundle cytokines (Fig. 4B), in which the crossover connecting helix A
and B pass in front of helix D. This unusual topology of IL-7 and TSLP
has not been reported earlier, probably due the fact that connecting
loops are missing from the reported 3D-structures [23,24,45].

It is worth nothing that there are some R-packages such as Bio3D
[46] and online servers such as DALI [47] that can be used to infer
phylogenetic relationships from 3D-structures. However, these tools do
not provide confidence values for branches and, in our hands, did not
reproduce the known relationships existing between γc cytokines (data
not shown).

3.3. Amino acid sequence analysis of γc cytokines

We carried sequence comparison analysis of human and human γc
cytokines to check if the unexpected kinships observed at the structural
level could also be verified at the protein sequence level. To that end,
we extracted the amino acid sequences from the cytokine 3D-structures
(Table 2) and produced a structure-guided multiple sequence alignment
(MSA) of γc cytokines, TSLP and IL-13 (details in Material and
Methods). The resulting MSA (Fig. 5A) does not show a single con-
served residue across all the cytokines and exhibits multiple gaps; yet, it
clearly reveals 4-ungapped blocks corresponding to the conserved α-
helices. After the MSA, we computed the sequence identity between all
cytokines (Fig. 5B) and generated a neighbor-joining phylogenetic tree
with 1,000 bootstrapping replications using CLUSTALX (Fig. 5C).

Sequence identity among γc cytokines is very low and range from
56 ± 9% for orthologs to 10.3 ± 1.6% between different human γc
cytokines. The largest and lowest identity between human and mouse
cytokine orthologs is for IL-15 (70.17%) and TLSP (36.6%), respec-
tively. On the other hand, the largest and lowest identity among distinct
human cytokines considered in this study is found between IL-15 and
IL-2 (19.3%) and between TSLP and IL-13 (8.73%), respectively
(Fig. 5B). The CLUSTALX phylogram (Fig. 5C) correctly identifies the

Fig. 2. Tertiary structure of IL-9. Ribbon renderings of the 3D-structures ob-
tained for human (A) and mouse (B) IL-9. Note the typical fold of short-chain 4-
helical cytokines in which the segment connecting helices A and B pass behind
helix D. The estimated root mean square deviations (RMSD) of the hIL-9 and
mIL-9 3D-models were 7.3 ± 4.2 Å and 7.0 ± 4.1 Å, respectively.
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relationship between IL-2 and IL-15 and that between IL-4 and IL-13
(bootstrap values ≥500). Moreover, it could be seen to support that IL-
9 is more closely related to IL-7 (braches with TSLP) than to other γc
cytokines. However, the confidence of this relatedness is low (bootstrap
value 376) and it is the same as that between IL-9 and the remaining γc
cytokines. Neighbor-joining phylogenetic trees generated with CLUST-
ALX represents a quick and valuable way to assess phylogeny. However,
given that branching of IL-9 with IL-7 was marginally supported and
contradicted our previous results, we subjected the MSA to Maximum-
Likelihood (ML) and Bayesian phylogenetic analysis (details in Material
and Methods).

The phylograms obtained by ML and Bayesian inference (Fig. 6) are
quite similar and, in contrast to the CLUSTALX phylogram, fully sup-
port the kinship of γc cytokines unraveled at the structural level
(Fig. 3). Thus, IL-7 is clearly closer to TSLP than to other γc cytokines: p-

value of 75 in the ML phylogram (Fig. 6A) and of 87 in the Bayesian
phylogram (Fig. 6B). In addition, IL-9 branches with IL-2, IL-15 and IL-
21 with reasonable confidence in the ML phylogram (p-value of 58) and
good confidence in the Bayesian phylogram (p-value 75). In contrast to
structural-based phylograms, sequence-based phylograms appear to
support that IL-21, rather than IL-9, to be more closely related to IL-15
and IL-2. However, such grouping seems unreliable (p-value ≤45) in
comparison with that between IL-9, IL-2 and IL-15 (p-value ≥85) ob-
served in the structural phylograms (Fig. 3).

3.4. Functional implications of the unraveled kinship among γc cytokines

There are two major findings of this study that can both lead to
discover new cytokine-receptor partnerships. One is the distant struc-
tural relationship of IL-7 with the remaining γc cytokines and its close

Fig. 3. Structural kinship among γc cytokines. Phylograms generated upon Z-scores (A) and percentage of aligned residues, S-scores (B) obtained from all-vs-all
pairwise alignments of cytokine 3D-structures. Node confident values consist of unbiased p-values computed after bootstrap analyses with PVCLUST (details in
Material and Methods). Green and red squares highlight clusters including TSLP and IL-9, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 4. Structural diversity in γc cytokines.
(A) Ribbon rendering of the 3D-structure of
human IL-2, IL-9, IL-15, IL-21, IL-4 and IL-
13. These cytokines have the typical fold
topology of short-chain 4-helical bundle
cytokines (center of the panel), in which the
segment connecting helix A (blue) and B
(green) is behind both helix D (red) and the
segment connecting helix C (yellow) and D,
as shown in the schematic drawing of the
topology. (B) Ribbon rendering of human
and mouse IL-7 and TSLP. These cytokines
share the fold topology of long-chain 4-he-
lical bundle cytokines, in which the segment
connecting helix A (blue) and B (green) pass
in front of helix D. (For interpretation of the
references to color in this figure legend, the
reader is referred to the web version of this
article.)
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proximity to TSLP. In contrast to all γc cytokines and IL-13, IL-7 and
TSLP have both a fold topology that resembles that of long-chain chain
4-helix bundle cytokines (Fig. 4). To our knowledge, this unique 3D-
structure topology of IL-7 and TSLP has not been noticed before, surely
due to the fact that crossover connections are missing from the avail-
able 3D-structures. In any case, this finding highlights the ability of
hematopoietin receptors, as represented by the γc chain, to engage
structurally diverse cytokines, and it supports the existence of addi-
tional cytokine receptor chain sharing, yet to be uncovered, between
short-chain and long-chain 4-helix bundle cytokines.

The second major finding of this study is the divorce of IL-9 with IL-
7. Structurally, IL-9 is much related to other γc cytokines, in particular
IL-2 and IL-15, than to IL-7 (Fig. 4). This structural relationship is
somewhat expected as I-TASSER built the 3D-structure of IL-9 after 10
templates and 7 corresponded to IL-15. The remaining templates cor-
responded to IL-4 (PDB: 1ITI), IL-21 (PDB: 2OQP) and FLT3 ligand
(PDB: 1ETE). Nonetheless, since receptor usage and structure of γc
cytokines are connected, it is tantalizing to speculate that, to hold true,
the close structural relationship between IL-9, IL-2 and IL-15 may an-
ticipate new receptor partners. Thus, we wonder if IL-9, similarly to IL-
2 and IL-15 [5], could also engage an additional receptor, related to
IL2-Rα and IL-15Rα (Fig. 2), to form a heterotrimeric receptor with the
IL-9Rα and γc chains. In fact, such additional receptor chain could
perhaps be the IL-2Rα or the IL-15Rα chains. In this regard, the STRING

database [50] shows a functional link between IL-15Rα and IL-9 (ID:
9606.ENSP00000244174), but not between IL-2Rα and IL-9 (ID:
9606.ENSP00000369293). Furthermore, we also wonder if IL-9 could
signal through receptors complexes encompassing IL-2Rβ in addition to
the γc chain and likewise if IL-2 and/or IL-15 could signal through
receptors complexes including the IL-9Rα instead of the IL-2Rβ. In this
particular, the STRING database identifies functional ties between both,
IL-2 and IL-15, and IL-9R (ID: 9606.ENSP00000244174). Functional
relationships found by STRING do not necessarily translate into protein-
protein interactions and clearly receptor sharing between IL-9 and IL-2
and IL-15, if any, will need to be proved.

4. Conclusions

Receptor chain usage and sharing among γc cytokines comprising
IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 is key to understand their biolo-
gical function and it is thought to be determined by shape com-
plementarity [5]. Here, we anticipated receptor sharing among γc cy-
tokines through 3D-structure comparisons. Unlike previously reported,
we identified that IL-9 is more closely related to IL-2 and IL-15 than to
IL-7, which could also be confirmed through sequence-based phyloge-
netic analyses. In addition, we also identified IL-7 as the most distant
member of the γc family of cytokines and discovered that it has a to-
pology, shared with TSLP, that resembles that of long-chain 4-helix

Fig. 5. Sequence amino acid comparison of γc cytokines. (A) Structure-guided MSA of human and mouse γc cytokines plus human and mouse IL-13 and TSLP.
Numbering on top of the MSA corresponds to that of the mature hIL-2. The conserved secondary structure (SS) helices A (blue), B (green), C (yellow) and D (red)
depicted on top and under the MSA correspond to hIL-2 (PDB: 1M47) and hTLSP (PDB: 4NN5). There is not a single amino acid residue strictly conserved among
these cytokines but each helix contain one or two positions consisting mostly of hydrophobic residues, shadowed in grey. MSA is provided in supporting Material 4
(B) Diagonal of symmetric matrix depicting the percentage of identity between cytokines. Identities were computed from the MSA in panel A using the SIAS server at
http://imed.med.ucm.es/Tools/sias.html. (C) Neighbor-joining tree built upon the structure-based MSA shown in panel A using CLUSTALX. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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bundle cytokines. The close structural relationship between IL-9 and IL-
15 and IL-2 suggests that they could exchange receptors, while binding
of IL-7 to the γc chain raises the possibility of further receptor chain
sharing between short-chain and long-chain 4-helix bundle cytokines.
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