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Allergic diseases of the airways, skin and gut such as asthma1, 
chronic obstructive pulmonary disease (COPD)2, atopic dermatitis3 
and eosinophilic esophagitis4 afflict hundreds of millions of indi-
viduals worldwide, imposing a daunting and multifaceted healthcare 
and socioeconomic burden. Paradoxically, the cellular context for 
the onset of such chronic inflammatory disorders centers on type 2  
helper T cell (TH2)–mediated inflammatory responses primed by  
activated dendritic cells (DCs), which in normal physiology orches-
trate essential immune responses via TH1, TH2 or TH17 cells to 
fine-tune clearance of infection5,6. In addition, there is a clear patho-
physiological connection among some of these conditions. For 
instance, some 70% of patients with atopic dermatitis go on to develop 
asthma via what has been called ‘atopic march’7, and adults with active 
asthma are strongly predisposed for acquiring COPD compared to 
nonasthmatic individuals8.

Over the last decade, TSLP9–11, an IL-2–family cytokine expressed 
by lung and gut epithelial cells and by epidermal keratinocytes in the 
skin, emerged as a critical initiator of STAT-5–mediated TH2 inflam-
matory pathways driving the activation of immature DCs, mast cells, 
basophils, eosinophils and lymphocytes into a type 2 polarizing  
phenotype12–15. Furthermore, such TSLP-mediated initiation of TH2  
responses appears to result from a coordinated cellular cascade  
involving DCs, CD4+ T cells and basophils16. Signaling by TSLP 
proceeds via a complex with its unique cognate receptor, TSLPR 
(encoded by CRLF2)17,18, and IL-7R , a receptor that also serves 
as the cognate receptor for IL-7 to regulate T-cell development  
and homeostasis19.

TSLP is now widely considered to be the master switch for most 
prevalent inflammatory allergic disorders in humans, such as the 
triad of atopic diseases (asthma, atopic dermatitis and atopic rhinitis), 
COPD and eosinophilic esophagitis14,15,20–22. A fascinating dimension 
to TSLP-mediated signaling has been the recent discovery that TSLP 
acts as a potent molecular liaison between the skin epithelium and 
neuronal cells to trigger incurable itch associated with atopic derma-
titis23. In addition, TSLP has been found to contribute to extramedul-
lary hematopoiesis by eliciting progenitor cells, which differentiate 
into effector cells that lead to type 2 cytokine responses24.

Nevertheless, TSLP-mediated signaling also appears to affect a 
much broader pathology landscape within multiple organ systems, 
including the abrogation of TH1 and TH17 responses25, the develop-
ment of non-allergen-induced conditions such as idiopathic pul-
monary fibrosis26, and tumor progression in breast and pancreatic 
cancer27,28. A genetic link between TSLP and cancer has recently 
been found, as evidenced by the prevalence of rearrangements 
and mutations in the gene encoding TSLPR (CRLF2) in pediatric 
acute lymphoblastic leukemia29. Such a wide pathology profile, 
together with high TSLP expression levels in allergy13,15 and the 
identification of TSLP as a genetic risk factor for the development of 
asthma30–32 and eosinophilic esophigitis33, have made TSLP signal-
ing an attractive therapeutic target34–36. A recent study employ-
ing a primate animal model has shown that blockade of TSLPR 
attenuates allergic inflammation37 and that TSLP is pivotal to 
the development of resistance to corticosteroid treatment during  
airway inflammation38.
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Structural basis of the proinflammatory signaling complex 
mediated by TSLP
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Thymic stromal lymphopoietin (TSLP), a cytokine produced by epithelial cells at barrier surfaces, is pivotal for the  
development of widespread chronic inflammatory disorders such as asthma and atopic dermatitis. The structure of the mouse 
TSLP-mediated signaling complex reveals how TSLP establishes extensive interfaces with its cognate receptor (TSLPR) and the 
shared interleukin 7 receptor a-chain (IL-7Ra) to evoke membrane-proximal receptor-receptor contacts poised for intracellular 
signaling. Binding of TSLP to TSLPR is a mechanistic prerequisite for recruitment of IL-7Ra to the high-affinity ternary complex, 
which we propose is coupled to a structural switch in TSLP at the crossroads of the cytokine-receptor interfaces. Functional 
interrogation of TSLP-receptor interfaces points to putative interaction hotspots that could be exploited for antagonist design. 
Finally, we derive the structural rationale for the functional duality of IL-7Ra and establish a consensus for the geometry of 
ternary complexes mediated by interleukin 2 (IL-2)–family cytokines.
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Despite the established pathophysiologic pleiotropy of TSLP signal-
ing, the structural and molecular principles underlying the assembly 
of the TSLP–TSLPR–IL-7R  signaling complex are poorly under-
stood. This has become a missing link between the diverse research 
disciplines investigating TSLP-mediated signaling. In addition, the 
way in which IL-7R  participates in two distinct signaling complexes 
with largely non-overlapping functions has remained an intriguing 
question39. In this study, we set out to obtain structural and mecha-
nistic insights into the assembly of the extracellular ternary complex 
mediated by TSLP. Our findings set the stage for more targeted prob-
ing of TSLP-mediated signaling at the molecular level and for future 
development of therapeutic approaches for major allergic diseases 
driven by TSLP activity. In addition, we have examined the structural 
and evolutionary basis for the functional duality of IL-7R .

RESULTS
Production of TSLP complexes for crystallographic studies
To enable structural studies of the TSLP–TSLPR–IL-7R  ternary  
complex by X-ray crystallography, we developed a combined  
strategy entailing coexpression of mouse TSLP (mTSLP) and TSLPR 
(mTSLPR) as binary TSLP–TSLPR complexes with homogeneous  
N-linked GlcNAc2Man5 glycan trees in HEK293S MGAT1−/− cells,  
and production of mouse IL-7R  (mIL-7R ) in Escherichia coli  
coupled to refolding in vitro40. Following purification of TSLP–TSLPR 
binary complexes by metal-affinity chromatography and size- 
exclusion chromatography (SEC), and after shaving off accessible  
N-linked glycans by endoglycosidase H (EndoH) treatment, we were 
able to assemble the mouse TSLP–TSLPR–IL-7R  ternary complex 
by mixing purified TSLP–TSLPR complex with a molar excess of 
purified recombinant IL-7R . However, initial crystallization trials  
with this recombinant material failed to yield well-diffracting  
crystals. We therefore used variants of the TSLP–TSLPR binary  
complex in which we minimized N-linked glycosylation by mutat-
ing putative asparagine N-linked glycosyla-
tion sites to glutamine. Using our original 
protein production and purification strat-
egy, we obtained highly monodisperse 
preparations of two ternary complexes, 
namely TSLPN123Q–TSLPRN53Q–IL-7R  
and TSLPN123Q–TSLPRN122Q–IL-7R  
(Supplementary Fig. 1a).

Overall structure of TSLP–TSLPR–IL-7Ra
Purified TSLPN123Q–TSLPRN53Q–IL-7R  
and TSLPN123Q–TSLPRN122Q–IL-7R  ter-
nary complexes proved readily amenable to 
crystallization trials and yielded two crystal 
forms, allowing us to determine three crystal 
structures of the ternary complex, includ-
ing one at 1.9-Å resolution (Table 1). The 
structure of the TSLPN123Q–TSLPRN122Q–
IL-7R  complex (crystal form 1A) was 
determined by maximum-likelihood 
molecular replacement as implemented 
in the program suite PHASER41, using 
search models derived from the struc-
ture of the human IL-7–IL-7R  complex  
(PDB 3DI2)42. We subsequently used this 
structure to obtain the crystal structure 
of the TSLPN123Q–TSLPRN53Q–IL-7R   
complex (crystal form 2).

Both structures show that the ternary TSLP complex resembles 
other IL-2–family complexes in that the cytokine bridges the two 
receptors by interacting with cytokine-binding epitopes presented at 
the D1-D2 junctions of each receptor (Fig. 1a and Supplementary 
Fig. 1b). However, comparison of the two structures showed that 
whereas receptor-receptor contacts between the membrane-proximal 
domains of TSLPR (TSLPRD2) and IL-7R  (IL-7R D2) are evident in 
crystal form 2, the two receptor domains remain separated in crys-
tal form 1A (Supplementary Fig. 1b). As the crystallization condi-
tions of crystal form 2 are closer to physiological conditions (pH 8 
for crystal form 2, compared with pH 5.1 for crystal form 1A), and 
given the prevalence of receptor-receptor interactions in IL-2–family 
complexes, we concluded that crystal form 2 probably represents the 
biologically relevant assembly. This hypothesis was reinforced when 
we determined the structure of crystal form 1B at 2.55-Å resolution 
after incubating crystal form 1A crystals in stabilizing solution buff-
ered at neutral pH. The crystal form 1B structure shows TSLPRD2 in 
a conformation relative to IL-7R D2 that is virtually identical to the 
one observed in crystal form 2 (Supplementary Fig. 1b,c). Thus, 
our structural studies establish that in the extracellular complex, 
TSLP wedges between TSLPR and IL-7R  via two equally extensive 
interaction interfaces, site I (burying 1,350 Å2) and site II (burying  
1,250 Å2), to establish a T-shaped ternary assembly that enables inter-
actions between the membrane-proximal domains of the two recep-
tors via site III (900 Å2) (Fig. 1a,b and Supplementary Table 1).

TSLP and TSLPR carry unique structural features
Our studies are, to our knowledge, the first to reveal structural 
information for TSLP and TSLPR at high resolution. TSLP adopts 
a short-chain four-helix bundle fold resembling IL-7 (ref. 42; r.m.s. 
deviation of 1.23 Å for 56 C  atoms), despite the very low sequence 
identity between the two cytokines, and has an extended helix A at 
the N terminus and markedly shorter B and C helices (Fig. 1a and  

Table 1 Data collection and refinement statistics
Crystal form 1A Crystal form 1B Crystal form 2

Data collection
Space group P 21212 P 21212 P 212121

Cell dimensions

 a, b, c (Å) 150.06, 79.76, 52.14 147.95, 75.16, 51.44 35.77, 50.11, 249.71

 , ,  (°) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 50.00−1.90 (2.01−1.90) 50.00−2.54 (2.70−2.55) 50−3.77 (4.00−3.78)

Rmeas (%) 8.6 (67.9) 10.8 (84.6) 26.7 (77.8)

Mean I / (I) 19.9 (3.9) 11.2 (1.9) 9.2 (3.0)

Completeness (%) 99.7 (98.4) 99.5 (97.8) 99.5 (97.7)

Redundancy 13.2 (13.5) 6.5 (6.4) 11.9 (10.7)

Refinement
Resolution (Å) 50.00−1.90 50.00−2.55 50.00−3.78

No. reflections 50,285 19,427 4,962

Rwork / Rfree 0.1698 / 0.2009 0.2587 / 0.2966 0.2765 / 0.2865

No. atoms

 Protein 3,804 3,362 3,297

 Water 330 3 −

ADP (Å2)

 Protein 38.7 87.7 101.0

 Water 40.5 50.7 −

r.m.s. deviations

 Bond lengths (Å) 0.011 0.003 0.004

 Bond angles (°) 1.22 0.86 0.87

Each data set was measured from a single crystal. Values in parentheses correspond to the highest-resolution shell.

http://www.rcsb.org/pdb/explore.do?structureId=3di2
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Supplementary Fig. 2a,b). The strong conservation of core residues 
and cysteines participating in disulfide bonds (Cys25-Cys98, Cys57-
Cys63 and Cys78-Cys121) suggests that the observed fold can be 
extrapolated to all mammalian TSLPs (Supplementary Fig. 2c,d). 
Surprisingly, an ordered water molecule in the core of TSLP is coor-
dinated by a conserved triad of residues (Thr71, Thr90 and Trp132) 
adjacent to a large internal void volume (105 Å3) that runs from the BC 
to the AC face of the fold (Fig. 1c and Supplementary Fig. 2c,d). To 
further investigate this unusual cytokine core packing, we carried out  
full-atom molecular dynamics simulations of unbound TSLP (Fig. 2)  
and found that, unlike other IL-2–family cytokines possessing confor-
mational plasticity43,44, the TSLP core remains largely invariable, includ-
ing the buried water molecule in the helical bundle core. However, our 
simulations uncovered marked structural heterogeneity at the atypical 

-helical turn localized midway into the kinked helix A (Fig. 2).
TSLPR is evolutionarily and structurally related to the common 

cytokine receptor  chain ( c) and IL-13R 1 (refs. 10,45), and is organ-
ized into tandem fibronectin type III (FnIII)–like domains (D1 and D2) 
with unique characteristics (Fig. 1a). For instance, TSLPR carries a con-
served PSxW(S/T) sequence cassette instead of the WSxWS sequence 
fingerprint in other type I cytokine receptors (Supplementary Fig. 3). 
It also displays an atypical disulfide-bridge network, with a cis peptide 
bond between Cys168 and Cys169 facilitating a rare type of surface-
exposed disulfide bridge46 in the C 2-E2 turn in TSLPRD2 (Fig. 1a) and, 
in crystal form 1A, a Cys181-Cys219 disulfide anchoring the atypical  
C-terminal tail against TSLPRD2 (Supplementary Fig. 1b). Finally, 
we were able to model a single N-acetylglucosamine (GlcNAc) glycan  
moiety at Asn53 in TSLPR in crystal form 1A (Supplementary Fig. 1a),  

which is a well-conserved N-linked glycosylation site in mammalian 
TSLPR sequences (Supplementary Fig. 3). This GlcNAc residue inter-
acts with residues located in strands D and E of TSLPRD1 and may help 
stabilize the structure in this region.

Binding interfaces in the TSLP–TSLPR –IL-7Ra complex
Arguably the most intriguing element of the TSLP–TSLPR–IL-7R  
complex is the kinked helix A in TSLP, which contributes to both the 
TSLP–TSLPR interface (site I) and the TSLP–IL-7R  interface (site II) 
(Fig. 1a,b). In site I, helix A, helix D and the long overhand AB loop 
contact a TSLPR epitope defined by the EF1 loop and the C terminus 
of -strand G1 in TSLPRD1, the 310-helix in the D1-D2 linker region 
and the -helical turn in the FG2 loop of TSLPRD2 (Fig. 1a). Overall, 
the TSLP–TSLPR interface is characterized by a large number of polar 
interactions (Supplementary Table 1), which is indicative of a highly 
specific interaction. This is consistent with the poor conservation of 
site I–interacting residues in mouse and human TSLP and TSLPR 
orthologs (Supplementary Fig. 2d and Supplementary Fig. 3) and 
the lack of species cross-reactivity among TSLP orthologs10.

In contrast to site I, site II is dominated by hydrophobic interactions 
and has helix A in TSLP pairing up with helix C to engage IL-7R  via 
the CC 1 and EF1 loops in IL-7R D1 and the BC2 and FG2 loops in 
IL-7R D2 (Fig. 1a and Supplementary Table 1). A key interaction  
in site II appears to be mediated by Ile37, which protrudes from the  

-helical turn on helix A of TSLP into a conserved hydrophobic 
pocket in the D1-D2 junction of IL-7R  defined by residues Leu101, 
Ile102, Tyr159, Tyr213 and Phe214 (Fig. 1a). The pronounced hydro-
phobic character of site II compared with site I is consistent with the 
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Figure 1 Structure of the TSLP–TSLPR–IL-7R  
complex. (a) View of the ternary TSLP complex 
(crystal form 1B). TSLP is shown in cartoon 
representation with its four helices labeled 
( A– D). The position of the AB crossover  
loop is indicated. The extracellular regions 
of TSLPR (yellow) and IL-7R  (gray), each 
comprising two FnIII-like domains (D1 and D2), 
are shown as cartoons overlaid onto transparent 
surface representations. TSLPR and IL-7R  
strand and loop regions contributing to sites I, 
II and III are labeled. Disulfide bridges  
are shown as yellow spheres. Insets show 
detailed views of the cytokine-receptor 
interactions in sites I and II (crystal  
form 1A) and the IL-7R −TSLPR receptor-
receptor interactions in site III (crystal  
form 1B). Interacting residues are shown as 
sticks. Polar interactions are indicated with 
dashed lines. Water molecules are shown as  
red spheres. (b) Surface representation of  
TSLP illustrating the extent of the TSLPR  
and IL-7R  binding footprints. The total  
buried surface area at each binding site is 
indicated. Helix A, with its characteristic  
-helical turn, contributes to both sites  

I and II and is superposed as a black outline on 
top of the TSLP surface. (c) View of the four-
helical bundle core of TSLP. Trp132 is located 
at the center of the core and engages  
in stacking interactions with Tyr34 that 
stabilize the -helical turn in helix A. Trp132, 
Thr71 and Thr90 coordinate the water 
molecule in the core of TSLP. The void volume 
observed in the core of TSLP (105 Å3) is 
displayed as a mesh.



©
20

14
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

4 ADVANCE ONLINE PUBLICATION NATURE STRUCTURAL & MOLECULAR BIOLOGY

A R T I C L E S

role of IL-7R  as a shared receptor in the TSLP and IL-7 signaling 
complexes. The nonspecific nature of site II interactions is further 
supported by the observation that human IL-7R  can engage mouse 
TSLP–TSLPR to form a high-affinity complex18.

Helix B and the long CD overhand loop, which is largely disordered 
in all of our three crystal structures, remain as the only segments in 
TSLP that do not contribute to any binding interfaces. However, the 
C-terminal half of the CD loop in many mammalian TSLP sequences, 
including human TSLP, carries a highly basic amino acid cassette with 
as many as seven consecutive basic residues (Supplementary Fig. 2d).  
We propose that such a local concentration of positive charges  
may mediate interactions with the extracellular matrix to enhance 
availability in local tissues47,48. We further propose that the CD  
loop may serve as an entry point for engineering new properties  
into antagonistic variants of TSLP for enhancing bioavailability and 
stability in a therapeutic context.

In contrast with the rather extensive interaction interfaces observed 
between cognate receptors and shared receptors in ternary complexes 
of other IL-2 family members (typically 1,300–1,700 Å2)45, the extent 
of site III between TSLPR and IL-7R  is much smaller (900 Å2). Site 
III is primarily constructed via contacts of residues in the EF2 loop 

of TSLPRD2, most notably Gly175, with the C 2 and E2 strands of  
IL-7R D2 (Fig. 1a and Supplementary Table 1).

Structural basis of the functional duality of IL-7Ra
Interestingly, the TSLP-bound conformation of mouse IL-7R   
is very similar to that of human IL-7R  observed in the human  
IL-7–IL-7R  complex42, providing possible insights into the duality  
and degeneracy of signaling via IL-7R  (overall r.m.s. deviation of 
0.93 Å; Fig. 3a,b). The cornerstone of the two interaction interfaces 
appears to be the accommodation of a hydrophobic -branched 
amino acid residue projecting from the -helical turn of helix A in 
mouse TSLP and human IL-7 (mTSLP Ile37 and hIL-7 Val40) by an 
evolutionarily conserved hydrophobic pocket at the D1-D2 junction 
of IL-7R  (Fig. 3c and Supplementary Fig. 4).

The residues constituting this platform account for 60–70% 
of the IL-7R  interface area in the respective binary interactions.  
In both cases, the cytokine–IL-7R  interface is characterized by van 
der Waals contacts mediated by hydrophobic residues protruding 
from the CC 1 and EF1 loops of IL-7R D1 (Fig. 3c) and hydrogen- 
bonding interactions of main chain carbonyl oxygen atoms in the 
CC1 and EF1 loops in IL-7R D1 with long side chains reaching  
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Figure 2 Molecular dynamics simulation to characterize unbound TSLP.  
A superposition of ten representative snapshots along the 60-ns 
simulation is shown in two orientations. At left, TSLP is oriented as 
in Figure 1a, whereas the orientation at right allows a clear view of 
the structural heterogeneity of the -turn in the kinked helix A. The 
molecular dynamics simulation included a model of the highly flexible 
long overhand CD loop (colored white) that was not visible in the electron 
density (residues 103–114). Residues are colored according to their 
average r.m.s. deviation (R.m.s.d.) value with respect to the reference 
crystallographic model determined to a resolution of 1.90 Å. The position 
of residue Ile37, located in the -turn in helix A, is indicated.
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Figure 3 Degeneracy of IL-7R  in TSLP 
and IL-7 signaling complexes. (a) Cartoon 
representation of the functional duality of  
IL-7R  in TSLP– and IL-7–mediated signaling. 
(b) Comparison of the mTSLP–mIL-7R  
assembly in the ternary TSLP complex (crystal 
form 1A) with the structure of the binary 
complex between human IL-7 and human  
IL-7R  (hIL-7–hIL-7R ; PDB 3DI2, chains A 
and B)42. mIL-7R  was superposed with  
hIL-7R  (overall r.m.s. deviation for the  
IL-7R  receptors is 0.93 Å). The side chains 
of mTSLP Ile37 and hIL-7 Val40 are shown 
as spheres. (c) The interaction of mTSLP 
and hIL-7 with mIL-7R  and hIL-7R , 
respectively, is predominantly hydrophobic and 
features insertion of a hydrophobic residue 
protruding from the -helical turn in helix 
A into an evolutionarily conserved platform 
presented by the D1-D2 junction of IL-7R . 
In both complexes, the hydrophobic residues 
constituting this platform contribute 60–70% 
of the interface area of IL-7R . (d) Structural 
superposition of the TSLP ternary complex  
with the structures of other IL-2–family 
signaling complexes (PDB 2B5I (ref. 61),  
3BPL (ref. 50), 3BPO (ref. 50) and 4GS7  
(ref. 51)), based on superposition of the 
membrane-proximal domains of the receptors 
in each complex. The IL-2R  and IL-15R  
receptors were omitted for clarity.

http://www.rcsb.org/pdb/explore.do?structureId=3di2
http://www.rcsb.org/pdb/explore.do?structureId=2b5i
http://www.rcsb.org/pdb/explore.do?structureId=3bpl
http://www.rcsb.org/pdb/explore.do?structureId=3bpo
http://www.rcsb.org/pdb/explore.do?structureId=4gs7
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out from helix C. Thus, the binding degeneracy that enables IL-7R  to 
serve as both cognate and shared receptor in two functionally distinct 
signaling assemblies (Fig. 3a) arises from an evolutionarily conserved 
hydrophobic platform coupled to the hydrogen-bonding potential of 
main chain carbonyl oxygen atoms.

We further note that in the TSLP−IL-7R  and IL-7−IL-7R   
interaction interfaces, very few of the residues interacting with  
IL-7R  are conserved between TSLP and IL-7. However, the majority 
of the IL-7R –interacting residues do occupy equivalent positions 
in the A and C helices of TSLP and IL-7 (Supplementary Fig. 2a). 
Structural comparison between the mouse TSLP–IL-7R  and human 
IL-7–IL-7R  complexes suggests that IL-7 and TSLP establish IL-7R   
binding mainly by nonspecific van der Waals interactions rather than 
by structural mimicry of specific polar interactions. The -helical  
turn in the kinked helix A of TSLP and IL-7 is a key structural  
element for their interaction with IL-7R  and provides excellent  
surface complementarity with the hydrophobic platform presented 
by IL-7R . This -helical turn was probably acquired via insertion 
of a single amino acid residue in the ancestral -helix in IL-2–family 
cytokines and illustrates how the introduction of a -helical turn can 
steer functional diversification49.

Intriguingly, the relative orientation of TSLPRD2 and IL-7R D2 resem-
bles that observed for cD2 and IL-13RD2 and their coreceptors in all other 
structurally characterized ternary complexes of IL-2–family cytokines 

(IL-2R – c, IL-4R – c and IL-4R –IL-13R 1; Fig. 3d)50,51. This points 
to possible evolutionary pressure to maintain the relative orientation of 
the membrane-proximal FnIII-like domains, and raises our confidence 
that the IL-7–IL-7R – c ternary complex will likely follow suit.

TSLPR primes TSLP for high-affinity binding to IL-7R
To examine the thermodynamic and kinetic profile underlying the 
assembly of the ternary TSLP complex, we employed isothermal 
titration calorimetry (ITC) and surface plasmon resonance (SPR) 
using recombinant TSLP, TSLPR and IL-7R  receptor ectodomains  
expressed in mammalian cells with native-like glycosylation 
(Supplementary Fig. 5a). First, we used ITC to characterize binary 
complexes of TSLP with its two receptors. Whereas the TSLP–TSLPR 
binary complex formed readily, with an equilibrium Kd of 58 nM and 
a strongly enthalpic thermodynamic fingerprint consistent with the 
polar character of site I (Fig. 4a), no binding could be detected for the 
TSLP–IL-7R  binary interaction at the low-micromolar concentrations 
used in the ITC experiment (Supplementary Fig. 5b). However, titra-
tion of IL-7R  with TSLP–TSLPR complex isolated by SEC resulted in 
the formation of a high-affinity complex with a Kd of 1.5 nM (Fig. 4a). 
This demonstrates that prior binding of TSLP to TSLPR is critical for 
recruiting IL-7R  to a high-affinity ternary complex.

To confirm the oligomeric state of TSLP complexes, we performed 
multi-angle light scattering (MALS) measurements combined with 
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Figure 4 ITC and SPR binding studies of the assembly of the ternary TSLP–TSLPR–IL-7R  complex. (a) ITC thermograms and thermodynamic binding 
parameters for the titration of TSLP with TSLPR (left), and for the titration of IL-7R  with preformed TSLP–TSLPR complex (right). (b) Association of 
IL-7R  with immobilized TSLP, analyzed by SPR equilibrium binding experiments. RU, resonance units (c) Single-cycle kinetics analyzed by SPR to 
investigate the association of IL-7R  with the TSLP–TSLPR complex. The determined dissociation constants (Kd) and kinetic parameters (kon, koff)  
are shown. Experiments in a–c were performed twice each to ensure reproducibility; results of one experiment are shown.
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SEC on recovered samples following ITC measurements. The assem-
bly stoichiometry in solution agrees with our crystal structures 
(Supplementary Fig. 5c,d). We subsequently conducted SPR experi-
ments employing an immobilized biotinylated version of TSLP to 
further characterize the cooperative assembly of the TSLP ternary 
complex. This led to a reliable estimate for the inherently weak affinity 
of the TSLP–IL-7R  binary complex (Kd = 2.3 M; Fig. 4b). We also 
determined that binding of IL-7R  to preassembled TSLP–TSLPR 
complex in the presence of saturating concentrations of TSLPR  
(250 nM) occurs with a fast kon of 3.3 × 106 M−1s−1 and a moderately 
slow koff of 8.7 × 10−3 s−1 to yield the high-affinity complex (Kd = 2.6 nM)  
(Fig. 4c and Supplementary Fig. 5e).

Putative interface hot spots in the TSLP ternary complex
To validate our mechanistic insights and to identify possible hotspot 
regions in the cytokine-receptor interfaces defined by sites I and II,  
we screened a set of TSLP, TSLPR and IL-7R  point mutants  
with cellular assays. We found that an I37E point mutation in TSLP 
allows retention of high-affinity binding to TSLPR (half-maximal 
inhibitory concentration, IC50 = 20 nM; Fig. 5a), but the mutant is 
unable to establish a signaling complex in a STAT5-based activity 
assay (Fig. 5b). Moreover, the structurally reciprocal point mutation  
Y213R in IL-7R  (Fig. 1a) also abolished signaling (Fig. 5c). Together, 
these results identify Ile37 in TSLP and Tyr213 in IL-7R  as comple-
mentary functional hotspots, and suggest that the TSLPI37E variant 
could serve as a starting point for antagonist development. Two TSLP 
variants with mutations in site I, TSLPD56R and the double mutant 
TSLPF39A Y133A, showed drastically reduced affinity for TSLPR (Fig. 5a)  
and had half-maximum effective concentration (EC50) values several 
times higher than that of wild-type TSLP in the STAT5 activation 
assay (EC50 values of 6.8 nM for TSLPF39A Y133A, 2.7 nM for TSLPD56R 
and 0.5 nM for wild-type TSLP; Fig. 5b). This is in line with the role  
of these positions in TSLPR binding in site I, where Asp56 in TSLP 
interacts electrostatically with Arg110 in TSLPR, and Phe39 and 
Tyr133 in TSLP contact Ala193 and Gly196 in TSLPR (Fig. 1a). An 
R110E mutation in TSLPR caused a marked increase in the EC50 
value for STAT5 activation (to 5.7 nM, compared with 0.27 nM for 
wild-type TSLPR), and a TSLPRG196R mutant was completely inactive,  
suggesting the importance of these interactions in site I (Fig. 5c).

Our functional probing of the receptor-receptor interface defined 
by site III focused on four point mutations. Three involved conserved 
residues in TSLPR (Q162A, D177S and R180S; Supplementary Fig. 3),  
and the fourth probed the importance of position 185 in IL-7R  
(H185A). His185 corresponds to residue Ser185 in human IL-7R , 
which is mutated to cysteine at a high frequency in patients with  
T-cell and B-cell acute lymphoblastic leukemia (T-ALL and B-ALL)52,53.  
We found that all four site III mutants were indistinguishable from 

Figure 5 Cellular binding and activity assays  
with TSLP, TSLPR and IL-7R  mutants.  
(a) Competitive binding assay measuring  
displacement by either wild-type (WT) or  
mutated TSLP of TSLP-SEAP fusion protein  
from HEK293T cells expressing TSLPR.  
The determined IC50 values were 24 nM for  
wild-type TSLP and 20 nM for TSLPI37E. c.p.s., 
counts per second. (b) STAT5 activity induced  
by wild-type or mutant TSLP, as measured using 
a luciferase-based reporter system in HEK293T 
cells expressing wild-type TSLPR and IL-7R . The EC50 values were 0.48 nM for wild-type TSLP, 2.7 nM for TSLPD56R and 6.8 nM for TSLPF39A Y133A. 
(c) TSLP-induced STAT5 activity, as measured using a luciferase-based reporter system in HEK293T cells expressing wild-type or mutant forms of either 
TSLPR or IL-7R . The EC50-values were 0.27 nM for the control and 5.7 nM for TSLPRR110E. Each experiment was carried out in triplicate; data shown 
are averages, and error bars were calculated as s.e.m. Error bars are shown for s.e.m. > 0.2 (a), s.e.m. > 0.250 (b) and s.e.m. > 0.19 (c).

wild-type receptors in our cellular activity assays (Supplementary 
Fig. 5f). Additional functional interrogation of this interface will be 
necessary in future experimental work to identify hotspots where 
mutations measurably affect activity. This may require exhaustive 
permutation of all contact residues, including the identification of 
double mutants on either side of the interface, as has been the case for 
the growth hormone receptor54. Nonetheless, the biological relevance 
of our structural observations and mechanistic deductions is sup-
ported by the overwhelming conservation of such receptor-receptor 
orientation in all other structurally characterized ternary complexes 
of IL-2–family cytokines (Fig. 3d) and the fact that we observed two 
nearly identical site III contacts in two distinct crystal forms.

DISCUSSION
Together, our studies provide mechanistic insights into the assembly 
of the TSLP-mediated signaling complex. Formation of the TSLP 
signaling complex occurs sequentially and cooperatively, with the 
TSLP–TSLPR binary complex increasing the binding affinity of 
TSLP for IL-7R  by three orders of magnitude to establish a highly 
stable ternary complex. Thus, IL-7R  can only engage in TSLP-
mediated signaling once the TSLP–TSLPR concentration is high 
enough, which allows IL-7R  to serve a dual signaling function  
via its cognate IL-7–IL-7R – c complex (Fig. 3a). Our binding  
studies are consistent with cellular binding studies showing that 
mouse TSLP binds with moderate affinity (Kd ~8 nM) to TSLPR 
alone and with high affinity (Kd ~56 pM) in the presence of both 
TSLPR and IL-7R 18.

Notably, our structural data point to two possible scenarios that 
could underlie cooperative assembly of the TSLP–TSLPR–IL-7R  
complex. First, recruitment of IL-7R  could be driven by multipoint 
attachment mediated by two relatively weak binding sites (site II and 
site III), as has recently been suggested for other cytokine–receptor  
complexes50,55. Second, the TSLP–TSLPR binary complex might 
induce conformational changes in TSLP to enable high-affinity  
binding to IL-7R , analogously to other IL-2 family members43,56. 
We propose that the structural heterogeneity and flexibility of the 

-helical turn at the elbow of helix A in TSLP (Fig. 2) could serve as 
a switch that can be activated upon TSLPR binding to render Ile37 
amenable to high-affinity binding to IL-7R  (Fig. 4).

Finally, the structural work we have presented here provides a 
starting point for rationalizing clinically relevant point mutations 
in human TSLPR and IL-7R . For instance, an F232C mutation 
in TSLPR has been identified as a gain-of-function mutation in 
patients with B-ALL, leading to disulfide-linked TSLPR and consti-
tutive phosphorylation of the JAK target proteins STAT5 and ERK 
(ref. 57). Position 232 in human TSLPR would be expected to sit at 
the junction between the flexible juxtamembrane (JM) region that 
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extends between the C terminus of the TSLPR construct used for 
our structural studies (residues 1–222) and the transmembrane (TM) 
helix of TSLPR (Supplementary Fig. 3). Indeed, after analysis of the 
membrane insertion potential58 of sequences of different lengths 
that could correspond to the JM and TM regions in TSLPR, we pro-
pose that position 232 is probably inserted in the membrane as an 
interfacial residue. This means that its mutation to cysteine could 
render TSLPR amenable to disulfide linkage to another TSLPR, a 
process that can readily take place within the lipidic environment of 
the membrane59.

A large number of mutations in the JM and TM segments of IL-7R  
have been identified in B-ALL and T-ALL patients and have been 
proposed to serve as gain-of-function mutations52,53. Several of these 
mutations introduce cysteine residues that may covalently dimerize 
IL-7R 39,52,53 in a manner that resembles our proposal for the F232C 
somatic mutation in TSLPR. Nonetheless, a somatic mutation at posi-
tion 185 in human IL-7R  (S185C)52 would map to His185 in site III 
at the interface of the mouse TSLP–TSLPR–IL-7R  complex (Fig. 1a),  
far away from the juxtamembrane and TM regions. Although the 
recently proposed assembly of a two-fold symmetric dimer of  
IL-7R  linked by a disulfide bond mediated by an S185C mutation 
is an interesting working hypothesis39,60, it has remained unclear 
whether such a covalently linked homodimer is present and functional 
in a cellular context52. However, what we can be confident about, on 
the basis of our structure of the TSLP–TSLPR–IL-7R  complex, is 
that position 185 is embedded in a part of IL-7R  that has evolved to 
participate in receptor-receptor interactions, and it could, in princi-
ple, have the potential to support receptor homodimerization given 
favorable structural and redox conditions.

We envisage that the structural and mechanistic insights presented 
here will facilitate targeted interrogation of TSLP signaling in vitro 
and in animal models, and will guide therapeutic approaches that 
manipulate TSLP-mediated signaling.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Protein Data Bank: Coordinates and structure  
factors have been deposited with accession codes 4NN5 (TSLPN123Q–
TSLPRN122Q–IL-7R  complex at acidic pH, crystal form 1A), 4NN6 
(TSLPN123Q–TSLPRN122Q–IL-7R  complex at neutral pH, crystal 
form 1B) and 4NN7 (TSLPN123Q–TSLPRN53Q–IL-7R  complex, 
crystal form 2).

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Recombinant protein production in mammalian cells. cDNA fragments 
encoding full-length mouse TSLP (mTSLP, NP_067342.1; residues 1–140) and 
the extracellular fragments of mouse TSLPR (mTSLPR, NP_057924.3; residues 
1–222) and mouse IL-7R  (mIL-7R , NP_032398.3; residues 1–239) were chemi-
cally synthesized (Genscript). Each cDNA fragment was flanked by an EcoRI and 
KpnI restriction site for cloning into the pHL-expression vector62 in frame with 
a C-terminal hexahistidine tag. For crystallization purposes, we also designed 
single-site N-glycosylation mutants for TSLP (N21Q, N26Q and N123Q) and 
TSLPR (N53Q and N122Q) (Genscript).

We obtained the HEK293T (ATCC CRL-3216) cell line through the Laboratory 
of Eukaryotic Gene Expression and Signal Transduction (LEGEST) at Ghent 
University. The HEK293S MGAT1−/− (ATCC CRL-3022) cell line was provided 
by VIB-Flanders via an MTA agreement. We did not test for the presence of 
mycoplasma. HEK293T or HEK293S MGAT1−/− cell lines63 were grown in high-
glucose DMEM medium (Lonza) supplemented with 10% heat-inactivated FCS 
(Sigma), 106 units/L penicillin G and 1 g/L streptomycin in a 5% CO2 atmosphere 
at 310 K. Small-scale transient expression experiments were conducted in 6-well 
tissue-culture plates. Prior to transfection, the medium of confluent cell cultures 
was replaced with serum-free medium. Subsequently, cells were transfected with 
purified plasmid DNA mixed with 25 kDa branched polyethylenimine (Sigma) 
in a 1:1.5 ratio. For co-transfection experiments expression plasmids were used 
in a 1:1 ratio. Transfected cells were allowed to express recombinant proteins for  
5 days before the medium was harvested. His-tagged proteins were detected in the 
conditioned medium by western blot analysis using an anti-His(C-term)-HRP 
antibody as 1:2500 dilution (catalog number R931-25, Invitrogen)64,65. Large-
scale expression experiments were conducted in 175 cm2 tissue culture flasks 
or 850 cm2 roller flasks. Conditioned medium (typically 1-2 l) was clarified by 
centrifugation and filtered through a 0.22 m bottle-top filter and loaded onto 
a Talon SuperFlow column for purification via metal-affinity chromatography. 
Recombinant proteins and complexes were further purified by SEC using a 
Superdex 75 or Superdex 200 column with HBS pH 7.4 as running buffer.

Production of recombinant mouse IL-7R  in E. coli. A synthesized cDNA 
fragment corresponding to the mature extracellular domain of mIL-7R   
(residues 21–239) (Genscript) was cloned into the pET15b vector between the NdeI  
and BamHI sites and in frame with a cleavable N-terminal His-tag. mIL-7R  was 
expressed in the E. coli Rosetta-gami B (DE3) strain (Novagen). Inclusion bodies 
were isolated and refolded as previously described40, followed by cleavage of the 
N-terminal His-tag with biotinylated thrombin and then removal of thrombin 
on streptavidin agarose beads. As a polishing step, mIL-7R  was injected on a 
Superdex 75 column with HBS pH 7.4 as running buffer.

Preparation of crystallization-grade TSLP–TSLPR –IL-7R . Binary com-
plexes TSLPN123Q–TSLPRN53Q and TSLPN123Q–TSLPRN122Q were produced by 
co-transfection in HEK293S MGAT1−/− cells. Following purification by metal-
affinity chromatography and SEC, and trimming of N-linked glycans by EndoH- 
treatment (incubation overnight with 7.5 kU of EndoH (NEB) per mg of complex in 
a volume of 1–2 mL HBS buffer), binary TSLP–TSLPR complexes were mixed with 
a molar excess of in vitro refolded IL-7R  produced in E. coli. To isolate the ternary 
TSLP–TSLPR–IL-7R  complex from the excess of IL-7R  and EndoH the protein 
mixture was injected onto a Superdex 200 column with HBS as running buffer. 
Fractions corresponding to the ternary TSLP–TSLPR–IL-7R  complex were pooled 
and concentrated by centrifugal ultrafiltration to a concentration of 7 mg/mL.

Crystallization of the TSLP–TSLPR–IL-7R  ternary complex. Crystallization 
experiments were set up at room temperature using a Mosquito crystalliza-
tion robot (TTP Labtech) and sparse-matrix screens (Molecular Dimensions, 
Hampton Research). The TSLP–TSLPR–IL-7R  ternary complex crystallized 
in condition D2 of the MIDAS-HT screen (Molecular Dimensions). Subsequent 
crystal optimization and diffraction experiments only led to weakly diffracting 
crystals. The TSLPN123Q–TSLPRN122Q–IL-7R  complex crystallized in condi-
tion B2 of the ProPlex screen (crystal form 1A). Optimized crystals were grown 
in 300 mM CaAc2, 300 mM NaAc pH 4.5–5.0 and 14% PEG 4000 and cryo-
protected with Paraton-N oil. A subset of the crystals derived from this condi-
tion were soaked into 300 mM NaCl, 100 mM Tris-HCl pH 7.5, 18% PEG 4000.  
The TSLPN123Q–TSLPRN53Q–IL-7R  complex (crystal form 2) crystallized in 

a condition derived from the previously identified D2 condition of the MIDAS 
screen HT screen: 25% pentaerythritol ethoxylate, 100 mM Tris-HCl pH 8.0. 
These crystals were flash frozen directly into liquid nitrogen for data collection.

Crystallographic data collection, structure determination and refinement. 
X-ray diffraction measurements were conducted from single crystals of the 
TSLPN123Q–TSLPRN122Q–IL-7R  and TSLPN123Q–TSLPRN53Q–IL-7R  complexes  
under cryogenic conditions (100 K) at synchrotron beam lines P13 (PetraIII, 
DESY) and Proxima 2A (SOLEIL). All data were integrated and scaled using the 
XDS suite66. Each crystal form contained one copy of the ternary complex in 
the crystal asymmetric unit. The structure of the TSLPN123Q–TSLPRN122Q–IL-
7R  complex was determined by maximum-likelihood molecular replacement 
as implemented in the program suite PHASER41, using search models derived 
from the structure of the human IL-7–IL-7R  complex (PDB 3DI2)42. After  
initial rounds of model refinement in PHENIX and model (re)building in Coot67, 
a model for TSLPR derived from the IL-13R 1 structure (PDB 3BPO)50 was 
modeled manually into the electron density. The crystallographic model was 
further completed by additional rounds of refinement and model rebuilding. The 
crystal structure of the TSLPN123Q–TSLPRN53Q–IL-7R  complex (crystal form 2)  
was determined by molecular replacement based on the structure of crystal  
form 1 and was refined with PHENIX. All refined crystallographic models were 
validated using Molprobity as implemented in the PHENIX suite.

Structural superpositions, structure-based sequence alignments, and  
structural analyses. The structures for mTSLP and hIL-7 were superimposed 
with Chimera68. Sequence alignments of mature TSLP, TSLPR and IL-7R  from 
different mammalian species were aligned using ClustalW69 and ESPript70. 
Protein-protein interaction interfaces were analyzed using EBI-PISA71 and the 
program Probe72 as implemented in Phenix. The volume of the internal cavity 
in TSLP was calculated with the CASTp server73, using a probe radius of 1.1 Å. 
Figures containing structural models were prepared in PyMOL74.

SEC-MALS. Protein samples at 3–4 M were injected through a Anotop-10 0.02 m  
syringe filter (Whatmann) onto a WTC-030S5 silica SEC column (Wyatt), with 
HBS pH 7.4 as running buffer, coupled to a online UV-detector (Shimadzu), a 
multi-angle light scattering-angle laser Wyatt miniDAWN TREOS instrument 
and a Wyatt Optilab T-rEX refractometer at 25 °C. A refractive index increment 
(dn/dc) value of 0.185 ml/g was used for protein concentration and molecular 
mass determination. Data were analyzed using the ASTRA6 software.

Isothermal titration calorimetry. Experiments were carried out using a MicroCal 
iTC200 instrument (GE Healthcare) at 37 °C, and data were analyzed using  
the Origin ITC analysis software package. TSLP and the TSLPR and IL-7R  
ectodomains were produced in HEK293T without the addition of kifunensine. 
All proteins were exchanged to the same buffer, 15 mM HEPES, 150 mM NaCl, 
pH 7.4 by size-exclusion chromatography. Protein concentrations were measured 
spectrophotometrically at 280 nm using calculated theoretical extinction coef-
ficients and all solutions were extensively degassed before use. Titrations were 
always preceded by an initial injection of 0.5 L, and were carried out using 2 L 
injections applied 150 s apart. The sample was stirred at a speed of 1,000 r.p.m. 
throughout. The thermal titration data were fit to the ‘one binding site model’, 
and apparent molar reaction enthalpy ( H°), apparent entropy ( S°), dissociation 
constant (Kd) and stoichiometry of binding (N) were determined.

Surface plasmon resonance. Mouse TSLP cDNA was cloned between the EcoRI 
and KpnI sites of the pHL-AVITAG vector62. Prior the transfection in HEK293T  
cells, the culture medium was changed to serum-free DMEM medium to 
which 100 M D-biotin was added. To allow specific C-terminal biotinylation  
of mTSLP the pHL-mTSLP-AVITAG construct was co-transfected with the  
pDisplay-BirA-ER plasmid75. Five days post-transfection the medium (100 mL) 
was harvested and loaded onto a Ni-Sepharose column. Recombinant proteins 
were eluted with imidazole and loaded onto a Superdex 75 column with HBS as 
running buffer. SPR experiments were performed using a Biacore X-100 instru-
ment at 25 °C with HBS-EP+ (GE Healthcare) as running buffer. 50–150 RU of 
biotinylated TSLP-AVITAG was coupled to an SA sensor chip to which streptavi-
din was pre-immobilized (GE Healthcare). Single-cycle kinetics and equilibrium  
SPR experiments were conducted with fully glycosylated TSLPR and IL-7R  

http://www.pdb.org/pdb/explore/explore.do?structureId=3d12
http://www.rcsb.org/pdb/explore.do?structureId=3BPO


©
20

14
 N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

NATURE STRUCTURAL & MOLECULAR BIOLOGY doi:10.1038/nsmb.2794

receptor ectodomains. No aspecific binding was observed to the reference flow 
path. After double-reference subtraction, sensorgrams were analyzed using the 
Biacore data evaluation software (version 2.0.1). Kinetic parameters were fitted 
to a 1:1 Langmuir or heterogeneous ligand model. To measure the interaction of 
IL-7R  with the TSLP–TSLPR complex, an SA chip on which TSLP was immo-
bilized was used and a nearly saturating concentration (250 nM) of TSLPR was 
included in the running buffer and all samples.

Molecular dynamics. All molecular dynamics (MD) simulations were  
performed using GROMACS76 and the Amber99SB-ILDN force field77. The 
initial geometry for the protein was taken from our crystallographic refinement.  
A structure for the missing residues 84–95 was generated by using MODELLER78, 
missing atoms were added and the protonation states of titratable residues were 
optimally assigned using GROMACS76. The protein was then solvated in a cubic 
box of (56.6 Å) with 5177 TIP3P water molecules and sodium ions were added 
to ensure total charge neutrality. Electrostatics were treated with particle-mesh 
Ewald (PME) using a short-range cutoff of 1.4 nm, and van der Waals interactions 
were switched off between 1.0 to 1.1 nm. Neighbor lists were updated every 5 fs. 
The entire molecular system was first minimized for 2.000 steps with a steepest 
descent algorithm. Then, the system was equilibrated at 300 K and 1 bar, holding 
all non-hydrogen protein atoms fixed (with a force constant of 1,000 kJ/mol/nm2) 
and allowing the surrounding water to relax for 100 ps. The pressure was control-
led with an isotropic Berendsen barostat applied to the entire system with a time 
constant of 1.0 ps and a compressibility of 4.5 × 10−5 bar−1. The temperature 
was controlled with two Nosé-Hoover thermostats applied to the protein and 
solvent respectively with a time constant of 0.2 ps. A 1 fs timestep was used in 
all MD simulations. Equilibrated cell dimensions were adopted (55.82 Å) and all 
further MD simulations were conducted in the NVT ensemble. Over the course 
of 700 ps, restraints on protein atoms were gradually reduced. This was followed 
by production simulations totaling 60 ns. No restraints were imposed during 
these simulations.

Site-directed mutagenesis for cellular activity assays and binding studies.  
A codon optimized DNA sequence coding for mTSLP with a C-terminal 
GGSGGS linker was ligated into the BsrGI-BglII opened pMET7-CRH2-SEAP-
Flag vector79. The resulting pMET7-mTSLP-SEAP-Flag vector allows the expres-
sion of a mTSLP-secreted alkaline phosphatase fusion protein (mTSLP-SEAP). 
A codon optimized DNA sequence for mTSLPR was ligated into the ClaI-XbaI 
opened pMet7-SigK-Flag-leptin_receptor-HA vector. The resulting pMET7-
Flag-mTSLPR vector allows the expression of a Flag-tagged mTSLPR. A codon 
optimized mIL-7R  DNA sequence was ligated into the BspEI-XbaI opened 
pMet7-SigK-HA-mouse_leptin vector80. The resulting pMET7HA–IL-7R  allows 
the expression of an HA tagged mIL-7 receptor. Site directed mutations in these 
vectors were introduced via the QuikChange protocol (Stratagene). Site directed 
mutations of pHL-mTSLP-His were first introduced in the pUC57-mTSLP vector, 
followed by ligation of the EcoRI/KpnI mutant mTSLP DNA fragment into the 
EcoRI-KpnI opened pHL-mTSLP-His vector.

Competitive TSLP-SEAP/TSLP receptor cell binding assay. HEK293T cells 
were transfected with pMET7-mTSLP-SEAP using linear PEI (Polysciences). 
The day after transfection, medium was replaced with Optimem medium (Life 
Technologies). Three days after transfection, the medium containing the secreted 
TSLP-SEAP fusion protein was harvested. HEK293T cells were transfected with 
pMet7-FLAG-mTSLPR in 6-well plates using linear PEI (Polysciences). Two days 
post transfection, the cells were detached with 5mM EDTA in phosphate buffered 
saline (Life Technologies) and washed in FACS buffer (1% fetal bovine serum, 
0.5 mM EDTA in phosphate buffered saline). 130,000 cells were incubated for  
1 h at 6 °C with 15-fold diluted mTSLP-SEAP containing supernatant and differ-
ent concentrations of unlabeled TSLP or TSLP mutant in FACS buffer. The cells 
were washed three times with FACS buffer, and the bound alkaline phosphatase 
activity was quantified using the PhosphaLight kit (Tropix) in a TopCount chemi-
luminescence counter (Packard). The data were fitted to a log inhibitor versus 
response curve in Graphpad Prism.

STAT5 reporter activation studies. HEK293T cells were co-transfected with 
112.5 ng pMET7-Flag-mTSLPR, 112.5 ng pMET7–HA–IL-7R , 675 ng empty 
pMET7 vector and 100 ng pGL3– -casein–luci reporter plasmid per well of a  

6-well plate. The pGL3- -casein-luci luciferase reporter contains 5 repeated 
STAT5-responsive motifs of the -casein promoter. The day after transfection, the 
cells were detached with cell dissociation buffer (Life Technologies), and resus-
pended in DMEM plus 10% foetal bovine serum. 50% of the cells were seeded in 
a new six-well plate for FACS analysis. 2% of the cells were seeded per well in 96 
well plates and stimulated with increasing concentrations of mTSLP. On day two 
after transfection, the luciferase activity in the 96 well plates was determined on a 
TopCount chemiluminescence counter as described previously80. Fold induction 
of luciferase activity was calculated by dividing the luminescence signal (c.p.s.) 
of the mTSLP stimulated cells by the luminescence signal of the unstimulated 
cells. The data were fitted to a log agonist versus response curve in Graphpad 
Prism. The surface expression of the flag-tagged mTSLPR was determined on 
a FACSCalibur device (BD Biosciences) using mouse monoclonal anti-FLAG 
M2 antibody (Sigma) plus Alexfluor488 labeled goat anti-mouse antibodies 
(Molecular Probes). HA-tagged mIL-7R  expression was determined via an 
FITC-labeled mouse monoclonal anti-HA antibody (Sigma). Relative recep-
tor expression was determined by calculating the mean, geometrical mean and 
median Alexafluor488 fluorescence from the FACS histograms, and comparing 
these values to the corresponding values of mock (pMet7) transfected cells.

Replicability and statistics. The ITC and SPR binding studies shown in  
Figure 4a–c and Supplementary Figure 5e were performed twice each to ensure 
reproducibility. In the figures, we show the results of one experiment without  
statistical analysis. The ITC experiment in Supplementary Figure 5b that 
showed no apparent binding was performed once.

For cellular binding and activity assays (Fig. 5 and Supplementary Fig. 5f), 
each experiment was performed in triplicate, and the error bars corresponding 
to the s.e.m. are shown as follows: Figure 5a, error bars are shown for s.e.m. > 0.2;  
Figure 5b, error bars are shown for s.e.m. > 0.250; Figure 5c, error bars are shown 
for s.e.m. > 0.19; Supplementary Figure 5f, error bars are shown for s.e.m. > 0.20.
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