
1. Proteins as drugs

2. Designing protein drugs de novo

Tanja Kortemme



Introduction

• About me:
Background in Physical Chemistry & Biophysics
Ph.D. in Biophysics from EMBL, Heidelberg, Germany

Research in quantitative biology (computational & experimental)
http://kortemmelab.ucsf.edu

• Development of computational protein design methods since 1999
https://www.rosettacommons.org

• Earlier review on our work: Mandell et al, “Computer-aided design of 
functional protein interactions” Nature Chemical Biology 2009

• Recent highlight: Glasgow et al, “Computational design of a modular 
protein sense-response system” Science 2019

https://www.rosettacommons.org/
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Proteins are important therapeutics

• > 200 protein therapeutics on the market

Name Target disease Market 
(2011)

Adalimumab/Humira Pen
Etanercept/Enbrel

Rheumatoid arthritis $8 billion

Infliximab/Remicade arthritis

Rituximab/Rituxan Non-Hodgkin’s B-cell lymphoma $7 billion

Bevacizumab/Avastin
Trastuzumab/Herceptin

Colorectal cancer
Breast cancer

$6-5 billion

Insulin glargine/Lantus Type I and II diabetes $4.8 billion

Epogen (erythropoietin) Renal anemia $2.5 billion



Biologics are innovative

Nature Reviews Drug Discovery 14, 83 (2015) doi:10.1038/nrd4535

a | Biologic NME approvals by the US Food and Drug Administration in 1986–2014, split into innovation 
categories and 5-year time periods. b | Comparison of the innovativeness of biologic and small-molecule 
NMEs approved in 1986–2014. NME, new molecular entity. *The last bar is only a 4-year time period.



Protein and small molecule drugs have 
different targets



Protein and small molecule drugs have 
different targets

growth
hormone

receptor HIV protease

protease inhibitor

• flat interface
• many interactions     

• binding pocket (“druggable”)
• fewer interactions



Proteins can be very potent in blocking protein-protein 
interactions 

* large protein-protein interfaces are difficult to disrupt with a small molecule, 
although sometimes possible: see Jim Wells & Chris McClendon, Nature 2007

- a small molecule drug may not 
have enough surface/binding 
energy to efficiently block a 
protein-protein interaction *

protein 1 protein 2



Protein-protein interactions important in cancer
are key targets for inhibition

Journal of Cancer 04: 0117 



Proteins drugs can be very potent in blocking protein-
protein interactions 

- Pertuzumab inhibits 
dimerization of Her2 
with other Her 
receptors



Proteins can be very specific, because they can form many 
defined interactions with their targets

Example IL-2/ IL-2 receptor, Wang et al., Science 310: 1159-1163, 2005

A protein drug may be able to form similar specific interactions to
distinguish a target, such as the IL-2 receptor, from a paralog that has 
slightly different amino acids in the interface.



Background
– Why protein drugs: 

• potent as protein-protein interaction inhibitors
• can perform “endogenous” activity: insulin, human growth hormone, IL-2
• often very specific

Agenda
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Figure 2. U.S. Food and Drug Administration (FDA)-approved therapeutic proteins 
(2011–2016*). (a) Bar graph showing the number of therapeutic protein FDA approvals by 
year (2011–2016*). (b) Pie chart showing the distribution of FDA-approved therapeutic 
proteins (2011–2016*) by drug class. *January 1, 2011, through August 31, 2016.

Protein drug FDA approval 2011-2016

Lagassé HAD, Alexaki A, Simhadri VL et al. Recent advances in (therapeutic protein) drug development [version
1; referees: 2 approved] F1000Research 2017, 6(F1000 Faculty Rev):113



Monoclonal antibodies can be generated via immunizing mice

But the problem with this approach: antibodies are from mouse 
and can lead to immune reactions in humans!

(but even completely human antibodies can cause immune reactions)

Test for 
target 
binding

Isolate 
antibodies



Antibody 
Structure

Antigen-binding
Fragment (Fab)

CDRs (complementarity-determining regions) 
that bind the antigen are formed by a small 
region: loops in the heavy (H1-H3) and light 
chains (L1-L3)
Red spheres indicate amino acid residues mainly 
responsible for target recognition



Different classes of therapeutic antibodies have a 
different fraction of mouse amino acid sequence

These are most desired

Mouse
human



• �transplant� the CDR loops from the mouse antibody onto 
a human constant �scaffold�

• How? Insert into the gene sequence

Mouse CDR loops
Human scaffold

“Humanized” antibodies are a common solution to decease 
the immunogenicity of mouse antibodies

The problem with this approach: “transplanting” generally 
decreases potency (small sequence differences in the scaffold can 
change the precise structure / positioning of the CDR loops )



• Can be done using a technique 
called “phage display”: 
select from “libraries” of antibody 
variants where the scaffold is human 
and the red residues are varied 

• Phage display can also be used 
to improve potency: antibody 
“affinity maturation” by selection in 
the laboratory

Can we use a human antibody scaffold in the first 
place?



Sidhu & Koide, 2007

�Phage display� can efficiently generate specific 
antibodies (and also optimize them)



Fellouse et al., JMB 2005

By phage display, antibodies can be selected to be 
specific for diverse antigens

The same �library� of antibody variants (that had the sequences of their 
CDR loops randomized) was screened against 6 targets to yield 6 different 
specific antibodies 
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Can we design (non-antibody) protein therapeutics
de novo?

• let’s first think about why we 
would want to…



• Two case-studies:

– Vaccines
– Potent and selective mimics of endogenous proteins 

Before we get to applications: How does de novo
protein design work? -> in Rosetta

Can we design (non-antibody) protein therapeutics
de novo?



A large community of research labs
develop Rosetta to model & design proteins

Source code free for academia: rosettacommons.org
Licensed for a fee by >70 companies



Computational protein design (Rosetta) is an 

optimization problem 

Design Objective:

Structure & 

Function 

(represented at 

all-atom level)

OUTPUT

Score each structure-sequence 

combination, find “best”

Amino acid 

Sequences

Optimized for 

Design Objective &

Structure

INPUT

Monte-Carlo simulated annealing

Genetic Algorithms

SAT solvers

Dead-end Elimination 

…



The key challenge is that the possible space is 
absolutely enormous

possible sequences for 100 residue protein: 20100 ~ 10130

(most proteins are larger; only a small fraction will be functional)

number of atoms in the universe: ~ 1080



The key challenge is that the possible space is 
absolutely enormous

possible sequences for 100 residue protein: 20100 ~ 10130

(most proteins are larger; only a small fraction will be functional)

number of atoms in the universe: ~ 1080

number of different proteins on earth today: ~ 1012

number of proteins sampled in evolution: 1021 - 1050



As a consequence, need to make simplifications

- How we ”sample” space (reduced degrees of freedom)

- How we ”score” solutions (approximate energy function)



Rosetta all-atom energy function

1. van der Waals packing 2. hydrogen bonding

Kortemme & Baker, PNAS 2002 
Kortemme et al., JMB 2003

3. implicit solvation

Lazaridis & Karplus, Proteins 1999

5. electrostatic repulsion 
(screened)

4. torsional potential

free energy - configurational 
entropy



As a consequence, need to make simplifications

- How we ”sample” space (reduced degrees of freedom)

- How we ”score” solutions (approximate energy function)

Both of these are main causes of errors and determine 
current state of the field.



Despite these 
simplifications, many 
design successes: 
small, ”idealized” 

folds

Koga et al, Nature 2012 DOI: 
10.1038/nature11600
Dou, Vorobieva et al, Nature 2018
DOI: 10.1038/s41586-018-0509-0
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very close to the design model (1.4 Å backbone root mean squared 
deviation (r.m.s.d.) over 99 of 109 residues; Extended Data Fig. 4d–f). 
Essentially all of the key features of the design model are found in the 
crystal structure (Fig. 2f–k). The barrel cross-section in the crystal 
structure is very similar to that of the design model, with an overall 
square shape with corners at the glycine kinks. Natural β-barrel crystal  
structures do not have this shape; the cross-sections of the closest 
structure matches in the PDB are shown in Fig. 2i. All seven designed 
β-turns and β-bulges are correctly recapitulated in the crystal structure 
(Fig. 2h, j), along with the 3–10 helix and tryptophan corner (Fig. 2k).

Design of small-molecule-binding β-barrels
Having determined principles for de novo design of β-barrels, we next 
sought to design functional β-barrels with binding sites tailored for 
a small molecule of interest. We chose DFHBI (Fig. 3a, left, green), 
a derivative of the intrinsic chromophore of GFP, to test the compu-
tational design methods. Owing to its internal torsional flexibility 
in solution, DFHBI does not fluoresce unless it is constrained in the  
planar Z conformation26,27. We sought to design protein sequences that 
fold into a stable β-barrel structure with a recessed cavity lined with 
side chains to constrain DFHBI in its fluorescent planar conformation. 
We chose to take a three step approach: (1) de novo construction of 
β-barrel backbones, (2) placement of DFHBI in a dedicated pocket, and 
(3) energy-based sequence design. For the first step, we stochastically 
generated 200 β-barrel backbones on the basis of the 2D map described 
above (Extended Data Fig. 5b–d).

The placement of the ligand in the binding pocket requires  
sampling of both the rigid-body degrees of freedom of the ligand, and 
the sequence identities of the surrounding amino acids that form the 
binding site. Because of the dual challenges associated with optimization 
of structure and sequence simultaneously, most approaches to designing 
ligand-binding sites to date have separated sampling into two steps: rigid- 
body placement of the target ligand in the protein-binding pocket and 
then design of the surrounding sequence4,5,28. This two-step approach 
has the limitation that the optimal rigid-body placement cannot  
be determined independently of knowledge of the possible interactions 
with the surrounding amino acids. The RosettaMatch method29 can 
identify rigid-body and interacting-residue placements simultaneously, 

but is limited to a small number of pre-defined ligand-interacting  
residues3. We addressed these challenges with a new ‘rotamer inter-
action field (RIF)’ docking method that simultaneously samples 
over rigid-body and sequence degrees of freedom. RIF docking first  
generates an ensemble of billions of discrete amino acid side chains 
that make hydrogen-bonding and non-polar hydrophobic interactions 
with the target ligand (Fig. 3a, right). Then, scaffolds are docked into 
this pre-generated interacting ensemble using a grid-based hierarchical 
search algorithm (Extended Data Fig. 5a). We used RIF docking to place 
DFHBI into the upper half of the β-barrel scaffolds, resulting in 2,102 
different ligand–scaffold pairs with at least four hydrogen-bonding  
and two hydrophobic interactions (Fig. 3a).

To identify protein sequences that not only buttress the ligand- 
coordinating residues from the RIF docking but also have low 
intra-protein energies to drive protein folding, we developed and 
applied a Monte Carlo-based sequence design protocol that iterates 
between (1) fixed-backbone design around the ligand-binding site 
to optimize the ligand-interaction energy and (2) flexible-backbone 
design for the rest of protein, optimizing the total complex energy 
(Fig. 3b). Forty-two designs with large computed folding-energy 
gaps and low-energy intra-protein and protein–ligand interactions 
were selected for experimental characterization, plus an additional 14 
disulfide-bonded variants (Extended Data Fig. 5e). Ligand-docking 
simulations after extensive structure refinement revealed that owing to 
the approximate symmetry of the hydrogen-bonding pattern of DFHBI, 
many of the designed binding pockets could accommodate the ligand 
in two equally favourable orientations (Extended Data Fig. 5f).

Synthetic genes encoding the 56 designs were obtained and the  
proteins were expressed in E. coli. Thirty-eight of the proteins were well- 
expressed and soluble; SEC and far-ultraviolet CD spectroscopy showed 
that 20 were monomeric β-sheet proteins (Supplementary Table 3). 
Four of the oligomer-forming designs became monomeric upon incor-
poration of a disulfide bond between the N-terminal 3–10 helix and 
the barrel β-strands. The crystal structure of one of the monomeric 
designs (b10) was solved to 2.1 Å, and was found to be very close to 
the design model (0.57 Å backbone r.m.s.d., Fig. 3c). The upper barrel 
of the crystal structure maintains the designed pocket, which is filled 
with multiple water molecules (Fig. 3c, Extended Data Fig. 6b). Thus, 
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Fig. 2 | Folding, stability and structure of design BB1. a, In silico folding 
energy landscape. Each grey dot indicates the result of an independent  
ab initio folding calculation; black dots show results of refinement 
trajectories starting from design model and light grey dots from the 
lowest-energy ab initio models. b, Size-exclusion chromatogram of the 
purified monomer (14 kDa). c, Far-ultraviolet CD spectra at 25 °C (grey 
line), 95 °C (black dashed line) and cooled back to 25 °C (black dotted 
line). d, Near-ultraviolet CD spectra in Tris buffer (grey line) and 7 M 
GuHCl (black line). e, Cooperative unfolding in GuHCl monitored 
by near-ultraviolet CD signal at 285 nm (grey line) and tryptophan 
fluorescence (black line). f–j, Superpositions of the crystal structure (grey) 

and the design model (pink): overall backbone superposition (f); section 
along the β-barrel axis showing the rotameric states of core residues (g); 
one of the top loop with a G1 β-bulge (h); and equatorial cross-section 
of the β-barrel, showing the geometry of the interior volume (i). The 
glycine kinks are shown as sticks. The bottom of the panel shows the cross-
sections of the three closest native β-barrel structures on the basis of TM-
score33 (RCSB Protein Data Bank (PDB) IDs: 1JMX (0.77); 4IL6 (chain 
O) (0.73); 1PBY (0.71)). j, One of the bottom loops with a classic β-bulge. 
k, Crystal structure and 2mFo − DFc electron density of the tryptophan 
corner, contoured at 1.5σ.

2 7  S E P T E M B E R  2 0 1 8  |  V O L  5 6 1  |  N A T U R E  |  4 8 7
© 2018 Springer Nature Limited. All rights reserved.



In particular, a wealth of architectures from helical 
bundles (that can be “functionalized”, more later)

Huang, Boyken & Baker, Nature 2016 doi:10.1038/nature19946 

b c d

C5 C6 C7C2 C3 C4

e

set 
)



Helical structures can be assembled into a range of 
higher-order architectures

Huang, Boyken & Baker, Nature 2016 doi:10.1038/nature19946 

a

b c

e f

d



Computational protein design: state of the field

(>3 decades of fundamental work, enormous progress in 
applications in the last 15 years!)

• de novo folds built from rules: a, a/b and all-beta proteins
• new architectures, symmetrical assemblies & materials
• helical bundles, can be functionalized



Current challenges are in designing function

• sensors
• switches 
• efficient enzymes 
• machines
• … many complex and composite functions 

key difficulties: 
• precise control over irregular functional geometries 
• often polar recognition
• switchable states (not deep minima)



An approach to circumvent this problem:
“transplant” functional region to new stable protein

Correia et al, Nature 2014 
DOI: 10.1038/nature12966



Proof of principle for epitope-focused vaccine design

Correia et al, Nature 2014 
DOI: 10.1038/nature12966



De novo design of potent and selective and protein 
mimics as therapeutics (case study IL-2) ARTICLE RESEARCH

occurring protein fragments (see Methods) and connecting helices with 
fragment-derived loops (Fig. 1c) to generate fully connected backbones 
(Fig. 1d). Rosetta combinatorial flexible backbone sequence design was 
carried out40–42 for each backbone (in complex with human IL-2Rβγc), 
resulting in a considerably more regular structure for H2 (H2′) than 
in IL-2 (Fig. 1b, top; see Methods). The four lowest-energy designs 
and eight single-disulfide-stapled variants (Supplementary Table 1) 
were selected for experimental characterization by yeast display 
(see Methods). Eight designs bound fluorescently-tagged βγ-chimeric 
IL-2 receptor at low-nanomolar concentrations (Supplementary Fig. 1), 
and the highest affinity non-disulfide design (G1_neo2_40) was sub-
jected to site-saturation mutagenesis (Supplementary Table 5) and 
selection for increased affinity to human IL-2Rβγc. A second round 
of selection was then carried out on a library combining the best 
individual affinity-enhancing substitutions (combinatorial library, 
Supplementary Fig. 2, Supplementary Table 7). The highest-affinity 
variants (Supplementary Fig. 4, Supplementary Table 2) were expressed 
recombinantly in Escherichia coli and found to elicit pSTAT5 signal-
ling in vitro on IL-2-responsive mouse cells at low-nanomolar or even 
picomolar concentrations (Extended Data Table 1), but had relatively 
low thermal stability (melting temperature, Tm < 45 °C, Supplementary 
Figs. 3, 5). To improve stability, in a second generation of designs, we 
repeated the computational design protocol starting from the backbone 
of the highest affinity first-round design (G1_neo2_40_1F, topology: 
H1→H4→H2′→H3), but this time coupling the loop-building process 
with parametric variation of the helix lengths (up to ±8 amino acids, 
Fig. 1b, bottom). This second-generation approach improved the qual-
ity of the models by enabling the exploration of a substantially larger 
number of combinations of high-quality loops connecting each pair 
of helices. The 14 second-generation designs with highest predicted 

affinity and stability, along with 27 Rosetta-sequence redesigns of 
G1_neo2_40_1F (Supplementary Table 3), were experimentally char-
acterized. All but one of the designs were found to bind the human IL-2 
receptor at low-nanomolar concentrations (Fig. 1f, Extended Data 
Table 1, Supplementary Fig. 6). The three designs with highest affinity  
and stability (one sequence redesign and two new mimetics) were  
subjected to site-saturation mutagenesis (Supplementary Table 6), 
followed by selection on combinatorial libraries of substitutions 
to increase affinity for mouse IL-2Rβγc (Supplementary Figs. 8–10, 
Supplementary Tables 6, 8), which yielded higher-affinity hyper-stable 
variants of the de novo mimics (Extended Data Table 1, Supplementary 
Tables 4, 8, Supplementary Figs. 11–13). The second-generation  
optimized design with highest overall affinity for both human and 
mouse IL-2Rβγc, Neo-2/15, is a 100-residue protein with a topology  
and sequence that is quite different from human or mouse IL-2 
(BLASTP sequence identity to human and mouse IL-2 of 14% and 24%, 
respectively; MICAN structure-based sequence identity to human and 
mouse IL-2 of 29% and 16% respectively, see Methods and Extended 
Data Table 1).

Functional characterization of Neo-2/15
Neo-2/15 binds with high affinity to human and mouse IL-2Rβγc (with 
dissociation constants, Kd ≈ 19 nM and Kd ≈ 38 nM, respectively), but 
does not interact with IL-2Rα (Fig. 2a). The affinities of Neo-2/15 for 
the human and mouse IL-2 receptors (IL-2Rβ and IL-2Rβγc) are higher 
than those of the corresponding native IL-2 cytokines (Extended Data 
Table 1). Neo-2/15 activates IL-2Rα− human YT-1 cells more potently 
than native human IL-2 (half-maximal response dose, EC50 = 49 pM 
versus 410 pM for the native human IL-2). Similarly, Neo-2/15 acti-
vates IL-2Rα− mouse primary T cells more potently than native mouse 
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Fig. 1 | Computational design of de novo cytokine mimics. a, Structure 
of human IL-2 (HsIL-2) (cartoon representation) in complex with its 
receptor IL-2Rαβγc (surface representation) (Protein Data Bank (PDB) 
ID: 2B5I). b, The designed mimics have four helices; three (blue, yellow 
and red) mimic IL-2 interactions with IL-2Rβγc, whereas the fourth 
(green) holds the first three in place. Top, first generation (gen 1): each of 
the core elements of IL-2 (helices H1–H4) were independently idealized 
by assembly of four residue clustered protein fragments. Bottom, second 
generation (gen 2): the core elements were built using parametric 

equations that recapitulate the shape of each disembodied helix, allowing 
changes in the length of each helix by up to ±8 amino acids. c, Pairs 
of helices were reconnected using ideal loop fragments; representative 
examples are shown with the newly built elements connecting each pair 
of helices in magenta. d, Combination of helix hairpins in c to generate 
fully connected protein backbones. e, Rosetta flexible backbone sequence 
design. f, Binding and activity of selected designs (solid symbols), the 
green arrow originates at the parent of the best optimized design Neo-2/15.  
(see Extended Data Table 1).

1 0  J A N U A R Y  2 0 1 9  |  V O L  5 6 5  |  N A T U R E  |  1 8 7
© 2019 Springer Nature Limited. All rights reserved.

Challenges with using IL-2 as drug:

• marginal stability, aggregation
• toxicity (perhaps by interaction with 

IL-2Ralpha)
• immune response will also target 

endogenous IL-2

• previous engineering efforts 
compromised activity and / or 
stability

Silva et al, Nature 2019 doi.org/10.1038/s41586-018-0830-7
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occurring protein fragments (see Methods) and connecting helices with 
fragment-derived loops (Fig. 1c) to generate fully connected backbones 
(Fig. 1d). Rosetta combinatorial flexible backbone sequence design was 
carried out40–42 for each backbone (in complex with human IL-2Rβγc), 
resulting in a considerably more regular structure for H2 (H2′) than 
in IL-2 (Fig. 1b, top; see Methods). The four lowest-energy designs 
and eight single-disulfide-stapled variants (Supplementary Table 1) 
were selected for experimental characterization by yeast display 
(see Methods). Eight designs bound fluorescently-tagged βγ-chimeric 
IL-2 receptor at low-nanomolar concentrations (Supplementary Fig. 1), 
and the highest affinity non-disulfide design (G1_neo2_40) was sub-
jected to site-saturation mutagenesis (Supplementary Table 5) and 
selection for increased affinity to human IL-2Rβγc. A second round 
of selection was then carried out on a library combining the best 
individual affinity-enhancing substitutions (combinatorial library, 
Supplementary Fig. 2, Supplementary Table 7). The highest-affinity 
variants (Supplementary Fig. 4, Supplementary Table 2) were expressed 
recombinantly in Escherichia coli and found to elicit pSTAT5 signal-
ling in vitro on IL-2-responsive mouse cells at low-nanomolar or even 
picomolar concentrations (Extended Data Table 1), but had relatively 
low thermal stability (melting temperature, Tm < 45 °C, Supplementary 
Figs. 3, 5). To improve stability, in a second generation of designs, we 
repeated the computational design protocol starting from the backbone 
of the highest affinity first-round design (G1_neo2_40_1F, topology: 
H1→H4→H2′→H3), but this time coupling the loop-building process 
with parametric variation of the helix lengths (up to ±8 amino acids, 
Fig. 1b, bottom). This second-generation approach improved the qual-
ity of the models by enabling the exploration of a substantially larger 
number of combinations of high-quality loops connecting each pair 
of helices. The 14 second-generation designs with highest predicted 

affinity and stability, along with 27 Rosetta-sequence redesigns of 
G1_neo2_40_1F (Supplementary Table 3), were experimentally char-
acterized. All but one of the designs were found to bind the human IL-2 
receptor at low-nanomolar concentrations (Fig. 1f, Extended Data 
Table 1, Supplementary Fig. 6). The three designs with highest affinity  
and stability (one sequence redesign and two new mimetics) were  
subjected to site-saturation mutagenesis (Supplementary Table 6), 
followed by selection on combinatorial libraries of substitutions 
to increase affinity for mouse IL-2Rβγc (Supplementary Figs. 8–10, 
Supplementary Tables 6, 8), which yielded higher-affinity hyper-stable 
variants of the de novo mimics (Extended Data Table 1, Supplementary 
Tables 4, 8, Supplementary Figs. 11–13). The second-generation  
optimized design with highest overall affinity for both human and 
mouse IL-2Rβγc, Neo-2/15, is a 100-residue protein with a topology  
and sequence that is quite different from human or mouse IL-2 
(BLASTP sequence identity to human and mouse IL-2 of 14% and 24%, 
respectively; MICAN structure-based sequence identity to human and 
mouse IL-2 of 29% and 16% respectively, see Methods and Extended 
Data Table 1).

Functional characterization of Neo-2/15
Neo-2/15 binds with high affinity to human and mouse IL-2Rβγc (with 
dissociation constants, Kd ≈ 19 nM and Kd ≈ 38 nM, respectively), but 
does not interact with IL-2Rα (Fig. 2a). The affinities of Neo-2/15 for 
the human and mouse IL-2 receptors (IL-2Rβ and IL-2Rβγc) are higher 
than those of the corresponding native IL-2 cytokines (Extended Data 
Table 1). Neo-2/15 activates IL-2Rα− human YT-1 cells more potently 
than native human IL-2 (half-maximal response dose, EC50 = 49 pM 
versus 410 pM for the native human IL-2). Similarly, Neo-2/15 acti-
vates IL-2Rα− mouse primary T cells more potently than native mouse 
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Fig. 1 | Computational design of de novo cytokine mimics. a, Structure 
of human IL-2 (HsIL-2) (cartoon representation) in complex with its 
receptor IL-2Rαβγc (surface representation) (Protein Data Bank (PDB) 
ID: 2B5I). b, The designed mimics have four helices; three (blue, yellow 
and red) mimic IL-2 interactions with IL-2Rβγc, whereas the fourth 
(green) holds the first three in place. Top, first generation (gen 1): each of 
the core elements of IL-2 (helices H1–H4) were independently idealized 
by assembly of four residue clustered protein fragments. Bottom, second 
generation (gen 2): the core elements were built using parametric 

equations that recapitulate the shape of each disembodied helix, allowing 
changes in the length of each helix by up to ±8 amino acids. c, Pairs 
of helices were reconnected using ideal loop fragments; representative 
examples are shown with the newly built elements connecting each pair 
of helices in magenta. d, Combination of helix hairpins in c to generate 
fully connected protein backbones. e, Rosetta flexible backbone sequence 
design. f, Binding and activity of selected designs (solid symbols), the 
green arrow originates at the parent of the best optimized design Neo-2/15.  
(see Extended Data Table 1).
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occurring protein fragments (see Methods) and connecting helices with 
fragment-derived loops (Fig. 1c) to generate fully connected backbones 
(Fig. 1d). Rosetta combinatorial flexible backbone sequence design was 
carried out40–42 for each backbone (in complex with human IL-2Rβγc), 
resulting in a considerably more regular structure for H2 (H2′) than 
in IL-2 (Fig. 1b, top; see Methods). The four lowest-energy designs 
and eight single-disulfide-stapled variants (Supplementary Table 1) 
were selected for experimental characterization by yeast display 
(see Methods). Eight designs bound fluorescently-tagged βγ-chimeric 
IL-2 receptor at low-nanomolar concentrations (Supplementary Fig. 1), 
and the highest affinity non-disulfide design (G1_neo2_40) was sub-
jected to site-saturation mutagenesis (Supplementary Table 5) and 
selection for increased affinity to human IL-2Rβγc. A second round 
of selection was then carried out on a library combining the best 
individual affinity-enhancing substitutions (combinatorial library, 
Supplementary Fig. 2, Supplementary Table 7). The highest-affinity 
variants (Supplementary Fig. 4, Supplementary Table 2) were expressed 
recombinantly in Escherichia coli and found to elicit pSTAT5 signal-
ling in vitro on IL-2-responsive mouse cells at low-nanomolar or even 
picomolar concentrations (Extended Data Table 1), but had relatively 
low thermal stability (melting temperature, Tm < 45 °C, Supplementary 
Figs. 3, 5). To improve stability, in a second generation of designs, we 
repeated the computational design protocol starting from the backbone 
of the highest affinity first-round design (G1_neo2_40_1F, topology: 
H1→H4→H2′→H3), but this time coupling the loop-building process 
with parametric variation of the helix lengths (up to ±8 amino acids, 
Fig. 1b, bottom). This second-generation approach improved the qual-
ity of the models by enabling the exploration of a substantially larger 
number of combinations of high-quality loops connecting each pair 
of helices. The 14 second-generation designs with highest predicted 

affinity and stability, along with 27 Rosetta-sequence redesigns of 
G1_neo2_40_1F (Supplementary Table 3), were experimentally char-
acterized. All but one of the designs were found to bind the human IL-2 
receptor at low-nanomolar concentrations (Fig. 1f, Extended Data 
Table 1, Supplementary Fig. 6). The three designs with highest affinity  
and stability (one sequence redesign and two new mimetics) were  
subjected to site-saturation mutagenesis (Supplementary Table 6), 
followed by selection on combinatorial libraries of substitutions 
to increase affinity for mouse IL-2Rβγc (Supplementary Figs. 8–10, 
Supplementary Tables 6, 8), which yielded higher-affinity hyper-stable 
variants of the de novo mimics (Extended Data Table 1, Supplementary 
Tables 4, 8, Supplementary Figs. 11–13). The second-generation  
optimized design with highest overall affinity for both human and 
mouse IL-2Rβγc, Neo-2/15, is a 100-residue protein with a topology  
and sequence that is quite different from human or mouse IL-2 
(BLASTP sequence identity to human and mouse IL-2 of 14% and 24%, 
respectively; MICAN structure-based sequence identity to human and 
mouse IL-2 of 29% and 16% respectively, see Methods and Extended 
Data Table 1).

Functional characterization of Neo-2/15
Neo-2/15 binds with high affinity to human and mouse IL-2Rβγc (with 
dissociation constants, Kd ≈ 19 nM and Kd ≈ 38 nM, respectively), but 
does not interact with IL-2Rα (Fig. 2a). The affinities of Neo-2/15 for 
the human and mouse IL-2 receptors (IL-2Rβ and IL-2Rβγc) are higher 
than those of the corresponding native IL-2 cytokines (Extended Data 
Table 1). Neo-2/15 activates IL-2Rα− human YT-1 cells more potently 
than native human IL-2 (half-maximal response dose, EC50 = 49 pM 
versus 410 pM for the native human IL-2). Similarly, Neo-2/15 acti-
vates IL-2Rα− mouse primary T cells more potently than native mouse 
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Fig. 1 | Computational design of de novo cytokine mimics. a, Structure 
of human IL-2 (HsIL-2) (cartoon representation) in complex with its 
receptor IL-2Rαβγc (surface representation) (Protein Data Bank (PDB) 
ID: 2B5I). b, The designed mimics have four helices; three (blue, yellow 
and red) mimic IL-2 interactions with IL-2Rβγc, whereas the fourth 
(green) holds the first three in place. Top, first generation (gen 1): each of 
the core elements of IL-2 (helices H1–H4) were independently idealized 
by assembly of four residue clustered protein fragments. Bottom, second 
generation (gen 2): the core elements were built using parametric 

equations that recapitulate the shape of each disembodied helix, allowing 
changes in the length of each helix by up to ±8 amino acids. c, Pairs 
of helices were reconnected using ideal loop fragments; representative 
examples are shown with the newly built elements connecting each pair 
of helices in magenta. d, Combination of helix hairpins in c to generate 
fully connected protein backbones. e, Rosetta flexible backbone sequence 
design. f, Binding and activity of selected designs (solid symbols), the 
green arrow originates at the parent of the best optimized design Neo-2/15.  
(see Extended Data Table 1).
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To test whether Neo-2/15 is immunogenic, naive and tumour-bearing  
mice were treated with Neo-2/15 daily (over a period of 4 weeks and 
2 weeks, respectively). Little or no immunogenicity was observed in 
either case (Fig. 4c, Extended Data Fig. 5). A similar lack of immune 
response has been observed for other de novo-designed therapeu-
tic candidates35 (probably owing to their small size and high stability). 
Polyclonal antibodies against Neo-2/15 were generated by vaccinating 
mice with an inactive Neo-2/15 mutant—Neo-2/15(Y14D/F99D), also 
known as KO Neo-2/15—in complete Freund’s adjuvant. These poly-
clonal Neo-2/15 antibodies do not cross-react with human or mouse 
IL-2 (Fig. 4c, Extended Data Fig. 5), suggesting that even if there is an 
immune response to Neo-2/15 in a therapeutic setting, this response 
is unlikely to cross-react with endogenous IL-2. This is consistent with 
the low sequence identity between Neo-2/15 and human or mouse 
IL-2 (Extended Data Table 1), which makes an autoimmune response 
against host IL-2 much less likely with Neo-2/15 than with previously 
engineered human IL-2 variants (for example, super-2 or PEGylated 
IL-2), which differ from endogenous IL-2 by only a few mutations (the 
BLASTP sequence identities of Neo-2/15 and super-2 to human IL-2 
are 14% and 95%, respectively).

We tested the therapeutic efficacy of Neo-2/15 in B16F10 (mela-
noma) and CT26 (colon cancer) mouse models. Single-agent treat-
ment with Neo-2/15 led to dose-dependent delays in tumour growth 
in both cancer models. In CT26 colon cancer, single-agent treat-
ment showed improved efficacy compared to mouse IL-2 (Fig. 4d, 
Extended Data Fig. 1). In B16F10 melanoma, previous studies have 
shown that single-agent treatment with IL-2 is only partially effec-
tive, and co-treatment with the anti-melanoma cell antibody TA99 
(anti-TRP1 monoclonal antibody) is synergistic with IL-25,12,14 and 
IL-15 (superagonist complex ALT-803)48. In long-term survival 

experiments (8 weeks), Neo-2/15 in combination with TA99 showed 
substantially reduced toxicity and an overall superior therapeu-
tic effect compared to mouse IL-2 (Fig. 4e, Extended Data Fig. 2), 
whereas treatment with TA99 alone had little effect. Mice treated 
with both mouse IL-2 and TA99 steadily lost weight and their overall 
health declined to the point of requiring euthanasia, whereas little 
decline was observed with the combination of Neo-2/15 and TA99 
(Fig. 4e). Consistent with a therapeutic benefit, Neo-2/15 treatment 
led to significantly increased intratumoural CD8:Treg ratios (Fig. 4f, 
Extended Data Fig. 1), which are known to correlate with effective 
antitumour immune responses49. The increases of CD8:Treg ratios 
with Neo-2/15 treatment are dose- and antigen-dependent (Fig. 4f), 
which is in agreement with the enhanced therapeutic effects observed 
at higher doses and in combination with TA99 (Extended Data Fig. 2). 
Collectively, these data show that Neo-2/15 exhibits the predicted 
homeostatic benefit derived from its IL-2-like immunostimulatory 
activity, but without the adverse effects associated with preferential 
binding to CD25+ cells. These enhanced properties and low toxic-
ity could enable routine use of Neo-2/15 for indications for which 
IL-2 is not broadly used, such as to enhance CAR-T cell therapies 
(Extended Data Fig. 4). The activation of pSTAT5 signalling in naive 
mouse peripheral blood lymphocytes (CD8+ T and B cells) observed 
an hour after exposure to Neo-2/15 was markedly reduced after three 
hours (Extended Data Fig. 6), suggesting that the efficacy of Neo-2/15 
can be increased using standard approaches for extending circulation 
half-life, such as PEGylation50.

De novo design of protein mimetics has the potential to transform 
the field of protein-based therapeutics, enabling the development of 
molecules that improve on biology by enhancing therapeutic prop-
erties and reducing side effects, not only for cytokines, but for almost 
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IL-2Rβγc. a, Top, structural alignment of Neo-2/15 chain A (orange) with 
the design model (grey, r.m.s.d. ≈ 1.11 Å, for 100 Cα atoms). Bottom, 
detail of interface helices H1, H3 and H4 (numbered according to HsIL-2, 
Fig. 1). The interface side chains are shown in sticks. b, Crystal structure  
of the ternary complex of Neo-2/15 (red) with mouse IL-2Rβ (wheat)  
and IL-2Rγc (pink), aligned to the design model against human IL-2Rβγc  
(grey, r.m.s.d. ≈ 1.27 Å, for the 93 modelled Cα atoms of Neo-2/15 in the 
ternary complex). c, Structural alignment of monomeric Neo-2/15 (chain A,  
orange) with Neo-2/15 in the ternary complex (red, r.m.s.d. ≈ 1.71 Å 
for the 93 modelled Cα atoms in the ternary complex), highlighting a 

~4.0 Å shift of helix H4 in the ternary-complex structure compared to the 
monomeric crystal structure (green double-headed arrow). d, Comparison 
of the crystallographic structures of human IL-2 (cartoon representation 
in blue) (left) and Neo-2/15 from the ternary complex in b (cartoon 
representation in red) (right). The regions that interact with IL-2Rβ and 
γc are indicated. Topology diagrams are shown below the structures. The 
loop-rich region from IL-2 that interacts with the IL-2Rα does not exist in 
the de novo mimic Neo-2/15. e, f, Comparison of the binding interfaces  
of Neo-2/15 and human IL-2. Interfacial amino acids are shown as sticks, 
and those that differ between human IL-2 and Neo-2/15 are denoted  
with labels.
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Outside these regions, Neo-2/15 is quite different from IL-2:
Sequence identity to human 14%, mouse 24%
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IL-2 (EC50 = 130 pM versus 30 nM). These results are consistent with 
the higher binding affinity of Neo-2/15 for the IL-2 receptors (Fig. 2b, 
Supplementary Table 9). Neo-2/15 is also more active than super-2, a 
variant of IL-2 engineered for higher affinity for IL-2Rβ8, on IL-2Rα− 
mouse primary T cells (EC50 = 130 pM versus 660 pM) and less active 
than super-2 on IL-2Rα+ cells (EC50 = 24 pM versus 1.2 pM), presum-
ably owing to its complete lack of IL-2Rα binding (Fig. 2b). Neo-2/15 is 
hyper-stable (Supplementary Fig. 13) and does not lose binding affinity 
for the IL-2Rβγc following incubation at 80 °C for 2 h, whereas human 
IL-2 and super-2 are inactivated after 10 min (half-inactivation 
time ≈ 4.2 min and 2.6 min, respectively, Fig. 2c, top). In ex vivo pri-
mary cell cultures, Neo-2/15 drives T cell survival effectively after 
60 min of boiling at 95 °C, whereas these conditions inactivated both 
IL-2 and super-2 (Fig. 2c, bottom). This unprecedented stability for a 
cytokine-like molecule, as well as elimination of the requirement for 
cold chain storage, suggests a robustness to mutations (Extended Data 
Fig. 8), genetic fusions, and chemical modification (Supplementary 
Fig. 14) greatly exceeding that of native IL-2, which could contribute to 
the development of improved or new therapeutic properties (Extended 
Data Figs. 3, 4).

Structure of Neo-2/15 and complex with MmIL-2Rβγc
The X-ray crystal structure of Neo-2/15 is very similar to the com-
putational design model (root mean square deviation of Cα atoms, 
r.m.s.d. = 1.1–1.3 Å for the 6 copies in the asymmetric unit, Fig. 3a). 
We determined the structure of mouse IL-2Rβγc in complex with Neo-
2/15 and found that it aligns very closely to the previously rep 
orted human IL-2 receptor complex43 (Fig. 3b, Extended Data Table 2). 
The Neo-2/15 design model and the unbound crystal structure align 
with the mouse ternary complex structure with r.m.s.d. of 1.27 and 
1.29 Å, respectively (Fig. 3c). The order of helices in Neo-2/15 (using 
IL-2 numbering) is H1→H3→H2′→H4 (Figs. 1a, 3a, d). The H1–H3 
loop is disordered in the ternary complex, but helix H3 is in close agree-
ment with the predicted structure; there is also an outward movement 
of helix H4 and the H2′–H4 loop compared to the monomeric structure 
(Fig. 3c). Neo-2/15 interacts with mouse IL-2Rβ via helices H1 and 

H3, and with γc via the H1 and H4 helices (Fig. 3); these regions align 
closely with both the computational design model (Fig. 3a) and the 
monomeric crystal structure (Fig. 3c). A shift of about 4.0 Å for helix 
H4 (see Fig. 3c) in the mouse complex may reflect the optimization 
for high-affinity binding to both the mouse and human receptors. The 
design of Neo-2/15 was guided by the human complex structure, and 
simulations suggest that there is little or no helix shift in this com-
plex (Extended Data Fig. 7). Consistent with this, the helices of apo  
Neo-2/15 superimpose closely on those of human IL-2 in complex 
with its receptor (Fig. 3e, f), despite the different topologies of the 
two proteins (Fig. 3d).

Therapeutic applications of Neo-2/15
The inherent low stability of IL-2 and its tightly evolved dependence on 
CD25 have been barriers to the clinical translation of re-engineered IL-2 
compounds. Other efforts have focused on IL-1544, because it elicits  
similar signalling to IL-2 by dimerizing IL-2Rβγc, but has no affinity 
for CD25. However, IL-15 activity is dependent on trans presenta-
tion of IL-15Rα, which is displayed primarily on antigen-presenting  
cells and NK cells. The low stability of native IL-15 and its depend-
ence on trans presentation have also presented substantial barriers to  
re-engineering efforts44,45.

Dose-escalation studies on naive mice show that Neo-2/15 causes 
lower expansion of immunosuppressive T regulatory (Treg) cells than 
mouse IL-2 (Fig. 4a, left), leading to a higher CD8+ killer T cell:Treg 
ratio with Neo-2/15 (Fig. 4a, right). The increased expansion of Treg 
cells by mouse IL-2 is expected, because it binds preferentially to CD25+ 
cells35,46,47. The higher CD8+ T cell:Treg ratios achieved with Neo-2/15 
are generally associated with better tumour killing8,11,29; this func-
tional advantage of Neo-2/15 is likely to stem from its higher affinity  
for IL-2Rβγc and lack of bias towards CD25+ cells. Similarly, in a 
mouse model of airway inflammation that normally induces a small 
percentage of tissue-resident CD8+ T cells (Thy1.2−CD44+CD8+), 
Neo-2/15 elicits an increase in the population of tissue-resident CD8+ 
T cells without increasing the population of antigen-specific Treg 
(CD4+Foxp3+; Fig. 4b).
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Fig. 2 | Characterization of Neo-2/15. a, Receptor subunit binding 
assessed by surface plasmon resonance (SPR). Neo-2/15 (red) does not 
bind IL-2Rα (top row), but binds more tightly than IL-2 (light blue) and 
super-2 (dark blue) to IL-2Rβ (second row) and IL-2Rβγc (bottom row) 
(Kd values in Extended Data Table 1; experiments performed 3 times with 
similar results). b, Neo-2/15 stimulates STAT5 phosphorylation (pSTAT5) 
more potently than IL-2 in cells expressing IL-2Rβγc but lacking IL-2Rα  
(CD25−) in both (in vitro) human NK cells (YT cell line; n = 3; 
experiments performed 3 times with similar results) and mouse primary 

CD4+ T cells (n = 4; data from a pool of 3 independent experiments).  
c, Top, Neo-2/15 can be incubated for 2 h at 80 °C without loss of binding 
to human IL-2Rβγc, whereas human IL-2 and super-2 quickly lose 
activity (immobilized IL-2Rγc with soluble IL-2Rβ at 500 nM; experiment 
performed once). Bottom, following incubation at 95 °C for 1 h, Neo-2/15 
still drives cell survival effectively (with ~70% luminescence remaining 
at 10 ng ml−1 relative to cells treated with non-heat incubated neo 2/15), 
whereas mouse IL-2 (MmIL-2) and super-2 are inactivated (n = 3; 
experiment performed 3 times with similar results). Data are mean ± s.d.
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IL-2 (EC50 = 130 pM versus 30 nM). These results are consistent with 
the higher binding affinity of Neo-2/15 for the IL-2 receptors (Fig. 2b, 
Supplementary Table 9). Neo-2/15 is also more active than super-2, a 
variant of IL-2 engineered for higher affinity for IL-2Rβ8, on IL-2Rα− 
mouse primary T cells (EC50 = 130 pM versus 660 pM) and less active 
than super-2 on IL-2Rα+ cells (EC50 = 24 pM versus 1.2 pM), presum-
ably owing to its complete lack of IL-2Rα binding (Fig. 2b). Neo-2/15 is 
hyper-stable (Supplementary Fig. 13) and does not lose binding affinity 
for the IL-2Rβγc following incubation at 80 °C for 2 h, whereas human 
IL-2 and super-2 are inactivated after 10 min (half-inactivation 
time ≈ 4.2 min and 2.6 min, respectively, Fig. 2c, top). In ex vivo pri-
mary cell cultures, Neo-2/15 drives T cell survival effectively after 
60 min of boiling at 95 °C, whereas these conditions inactivated both 
IL-2 and super-2 (Fig. 2c, bottom). This unprecedented stability for a 
cytokine-like molecule, as well as elimination of the requirement for 
cold chain storage, suggests a robustness to mutations (Extended Data 
Fig. 8), genetic fusions, and chemical modification (Supplementary 
Fig. 14) greatly exceeding that of native IL-2, which could contribute to 
the development of improved or new therapeutic properties (Extended 
Data Figs. 3, 4).

Structure of Neo-2/15 and complex with MmIL-2Rβγc
The X-ray crystal structure of Neo-2/15 is very similar to the com-
putational design model (root mean square deviation of Cα atoms, 
r.m.s.d. = 1.1–1.3 Å for the 6 copies in the asymmetric unit, Fig. 3a). 
We determined the structure of mouse IL-2Rβγc in complex with Neo-
2/15 and found that it aligns very closely to the previously rep 
orted human IL-2 receptor complex43 (Fig. 3b, Extended Data Table 2). 
The Neo-2/15 design model and the unbound crystal structure align 
with the mouse ternary complex structure with r.m.s.d. of 1.27 and 
1.29 Å, respectively (Fig. 3c). The order of helices in Neo-2/15 (using 
IL-2 numbering) is H1→H3→H2′→H4 (Figs. 1a, 3a, d). The H1–H3 
loop is disordered in the ternary complex, but helix H3 is in close agree-
ment with the predicted structure; there is also an outward movement 
of helix H4 and the H2′–H4 loop compared to the monomeric structure 
(Fig. 3c). Neo-2/15 interacts with mouse IL-2Rβ via helices H1 and 

H3, and with γc via the H1 and H4 helices (Fig. 3); these regions align 
closely with both the computational design model (Fig. 3a) and the 
monomeric crystal structure (Fig. 3c). A shift of about 4.0 Å for helix 
H4 (see Fig. 3c) in the mouse complex may reflect the optimization 
for high-affinity binding to both the mouse and human receptors. The 
design of Neo-2/15 was guided by the human complex structure, and 
simulations suggest that there is little or no helix shift in this com-
plex (Extended Data Fig. 7). Consistent with this, the helices of apo  
Neo-2/15 superimpose closely on those of human IL-2 in complex 
with its receptor (Fig. 3e, f), despite the different topologies of the 
two proteins (Fig. 3d).

Therapeutic applications of Neo-2/15
The inherent low stability of IL-2 and its tightly evolved dependence on 
CD25 have been barriers to the clinical translation of re-engineered IL-2 
compounds. Other efforts have focused on IL-1544, because it elicits  
similar signalling to IL-2 by dimerizing IL-2Rβγc, but has no affinity 
for CD25. However, IL-15 activity is dependent on trans presenta-
tion of IL-15Rα, which is displayed primarily on antigen-presenting  
cells and NK cells. The low stability of native IL-15 and its depend-
ence on trans presentation have also presented substantial barriers to  
re-engineering efforts44,45.

Dose-escalation studies on naive mice show that Neo-2/15 causes 
lower expansion of immunosuppressive T regulatory (Treg) cells than 
mouse IL-2 (Fig. 4a, left), leading to a higher CD8+ killer T cell:Treg 
ratio with Neo-2/15 (Fig. 4a, right). The increased expansion of Treg 
cells by mouse IL-2 is expected, because it binds preferentially to CD25+ 
cells35,46,47. The higher CD8+ T cell:Treg ratios achieved with Neo-2/15 
are generally associated with better tumour killing8,11,29; this func-
tional advantage of Neo-2/15 is likely to stem from its higher affinity  
for IL-2Rβγc and lack of bias towards CD25+ cells. Similarly, in a 
mouse model of airway inflammation that normally induces a small 
percentage of tissue-resident CD8+ T cells (Thy1.2−CD44+CD8+), 
Neo-2/15 elicits an increase in the population of tissue-resident CD8+ 
T cells without increasing the population of antigen-specific Treg 
(CD4+Foxp3+; Fig. 4b).
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Fig. 2 | Characterization of Neo-2/15. a, Receptor subunit binding 
assessed by surface plasmon resonance (SPR). Neo-2/15 (red) does not 
bind IL-2Rα (top row), but binds more tightly than IL-2 (light blue) and 
super-2 (dark blue) to IL-2Rβ (second row) and IL-2Rβγc (bottom row) 
(Kd values in Extended Data Table 1; experiments performed 3 times with 
similar results). b, Neo-2/15 stimulates STAT5 phosphorylation (pSTAT5) 
more potently than IL-2 in cells expressing IL-2Rβγc but lacking IL-2Rα  
(CD25−) in both (in vitro) human NK cells (YT cell line; n = 3; 
experiments performed 3 times with similar results) and mouse primary 

CD4+ T cells (n = 4; data from a pool of 3 independent experiments).  
c, Top, Neo-2/15 can be incubated for 2 h at 80 °C without loss of binding 
to human IL-2Rβγc, whereas human IL-2 and super-2 quickly lose 
activity (immobilized IL-2Rγc with soluble IL-2Rβ at 500 nM; experiment 
performed once). Bottom, following incubation at 95 °C for 1 h, Neo-2/15 
still drives cell survival effectively (with ~70% luminescence remaining 
at 10 ng ml−1 relative to cells treated with non-heat incubated neo 2/15), 
whereas mouse IL-2 (MmIL-2) and super-2 are inactivated (n = 3; 
experiment performed 3 times with similar results). Data are mean ± s.d.
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IL-2 (EC50 = 130 pM versus 30 nM). These results are consistent with 
the higher binding affinity of Neo-2/15 for the IL-2 receptors (Fig. 2b, 
Supplementary Table 9). Neo-2/15 is also more active than super-2, a 
variant of IL-2 engineered for higher affinity for IL-2Rβ8, on IL-2Rα− 
mouse primary T cells (EC50 = 130 pM versus 660 pM) and less active 
than super-2 on IL-2Rα+ cells (EC50 = 24 pM versus 1.2 pM), presum-
ably owing to its complete lack of IL-2Rα binding (Fig. 2b). Neo-2/15 is 
hyper-stable (Supplementary Fig. 13) and does not lose binding affinity 
for the IL-2Rβγc following incubation at 80 °C for 2 h, whereas human 
IL-2 and super-2 are inactivated after 10 min (half-inactivation 
time ≈ 4.2 min and 2.6 min, respectively, Fig. 2c, top). In ex vivo pri-
mary cell cultures, Neo-2/15 drives T cell survival effectively after 
60 min of boiling at 95 °C, whereas these conditions inactivated both 
IL-2 and super-2 (Fig. 2c, bottom). This unprecedented stability for a 
cytokine-like molecule, as well as elimination of the requirement for 
cold chain storage, suggests a robustness to mutations (Extended Data 
Fig. 8), genetic fusions, and chemical modification (Supplementary 
Fig. 14) greatly exceeding that of native IL-2, which could contribute to 
the development of improved or new therapeutic properties (Extended 
Data Figs. 3, 4).

Structure of Neo-2/15 and complex with MmIL-2Rβγc
The X-ray crystal structure of Neo-2/15 is very similar to the com-
putational design model (root mean square deviation of Cα atoms, 
r.m.s.d. = 1.1–1.3 Å for the 6 copies in the asymmetric unit, Fig. 3a). 
We determined the structure of mouse IL-2Rβγc in complex with Neo-
2/15 and found that it aligns very closely to the previously rep 
orted human IL-2 receptor complex43 (Fig. 3b, Extended Data Table 2). 
The Neo-2/15 design model and the unbound crystal structure align 
with the mouse ternary complex structure with r.m.s.d. of 1.27 and 
1.29 Å, respectively (Fig. 3c). The order of helices in Neo-2/15 (using 
IL-2 numbering) is H1→H3→H2′→H4 (Figs. 1a, 3a, d). The H1–H3 
loop is disordered in the ternary complex, but helix H3 is in close agree-
ment with the predicted structure; there is also an outward movement 
of helix H4 and the H2′–H4 loop compared to the monomeric structure 
(Fig. 3c). Neo-2/15 interacts with mouse IL-2Rβ via helices H1 and 

H3, and with γc via the H1 and H4 helices (Fig. 3); these regions align 
closely with both the computational design model (Fig. 3a) and the 
monomeric crystal structure (Fig. 3c). A shift of about 4.0 Å for helix 
H4 (see Fig. 3c) in the mouse complex may reflect the optimization 
for high-affinity binding to both the mouse and human receptors. The 
design of Neo-2/15 was guided by the human complex structure, and 
simulations suggest that there is little or no helix shift in this com-
plex (Extended Data Fig. 7). Consistent with this, the helices of apo  
Neo-2/15 superimpose closely on those of human IL-2 in complex 
with its receptor (Fig. 3e, f), despite the different topologies of the 
two proteins (Fig. 3d).

Therapeutic applications of Neo-2/15
The inherent low stability of IL-2 and its tightly evolved dependence on 
CD25 have been barriers to the clinical translation of re-engineered IL-2 
compounds. Other efforts have focused on IL-1544, because it elicits  
similar signalling to IL-2 by dimerizing IL-2Rβγc, but has no affinity 
for CD25. However, IL-15 activity is dependent on trans presenta-
tion of IL-15Rα, which is displayed primarily on antigen-presenting  
cells and NK cells. The low stability of native IL-15 and its depend-
ence on trans presentation have also presented substantial barriers to  
re-engineering efforts44,45.

Dose-escalation studies on naive mice show that Neo-2/15 causes 
lower expansion of immunosuppressive T regulatory (Treg) cells than 
mouse IL-2 (Fig. 4a, left), leading to a higher CD8+ killer T cell:Treg 
ratio with Neo-2/15 (Fig. 4a, right). The increased expansion of Treg 
cells by mouse IL-2 is expected, because it binds preferentially to CD25+ 
cells35,46,47. The higher CD8+ T cell:Treg ratios achieved with Neo-2/15 
are generally associated with better tumour killing8,11,29; this func-
tional advantage of Neo-2/15 is likely to stem from its higher affinity  
for IL-2Rβγc and lack of bias towards CD25+ cells. Similarly, in a 
mouse model of airway inflammation that normally induces a small 
percentage of tissue-resident CD8+ T cells (Thy1.2−CD44+CD8+), 
Neo-2/15 elicits an increase in the population of tissue-resident CD8+ 
T cells without increasing the population of antigen-specific Treg 
(CD4+Foxp3+; Fig. 4b).
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Fig. 2 | Characterization of Neo-2/15. a, Receptor subunit binding 
assessed by surface plasmon resonance (SPR). Neo-2/15 (red) does not 
bind IL-2Rα (top row), but binds more tightly than IL-2 (light blue) and 
super-2 (dark blue) to IL-2Rβ (second row) and IL-2Rβγc (bottom row) 
(Kd values in Extended Data Table 1; experiments performed 3 times with 
similar results). b, Neo-2/15 stimulates STAT5 phosphorylation (pSTAT5) 
more potently than IL-2 in cells expressing IL-2Rβγc but lacking IL-2Rα  
(CD25−) in both (in vitro) human NK cells (YT cell line; n = 3; 
experiments performed 3 times with similar results) and mouse primary 

CD4+ T cells (n = 4; data from a pool of 3 independent experiments).  
c, Top, Neo-2/15 can be incubated for 2 h at 80 °C without loss of binding 
to human IL-2Rβγc, whereas human IL-2 and super-2 quickly lose 
activity (immobilized IL-2Rγc with soluble IL-2Rβ at 500 nM; experiment 
performed once). Bottom, following incubation at 95 °C for 1 h, Neo-2/15 
still drives cell survival effectively (with ~70% luminescence remaining 
at 10 ng ml−1 relative to cells treated with non-heat incubated neo 2/15), 
whereas mouse IL-2 (MmIL-2) and super-2 are inactivated (n = 3; 
experiment performed 3 times with similar results). Data are mean ± s.d.
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any biologically active molecule with known or accurately predicta-
ble structure. Because of the incremental nature of current traditional 
engineering approaches (for example, 1–3 amino acid substitutions, 
chemical modification at a single site), most of the shortcomings of the 
parent molecule are inevitably passed on to the resulting engineered 
variants, often in an exacerbated form. By building mimics completely 
from scratch, these shortcomings can be avoided. Unlike recombinant 
IL-2 and its engineered variants, Neo-2/15 is highly expressed in E. 
coli (Supplementary Fig. 13), retains activity at high temperature, 
does not interact with IL-2Rα, and is robust to substantial sequence 
changes (Extended Data Fig. 8), which may enable the engineering of 
new functions. Immunogenicity against the de novo designed pro-
teins appears to be low, probably because of their small size and high  
stability35, and in contrast to incremental variants of human IL-2, any 
antibody response mounted against mimetics is unlikely to cross-react 
with its natural (cytokine) counterpart. Because of their high stabil-
ity and robustness, along with their tailored interaction surfaces, de 
novo designed protein mimetics are likely to be particularly powerful 
for developing next-generation therapeutics that combine different 
protein functionalities.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0830-7.
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Fig. 4 | In vivo characterization of Neo-2/15. a, Mouse IL-2 but not  
Neo-2/15 enhances CD4+ Treg expansion in naive mice T cells. n = 2  
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(10 mouse IL-2; 10 Neo-2/15). b, In a mouse airway inflammation 
model (20 µg per day per mouse, 7 days), Neo-2/15 does not increase 
the frequency of antigen-specific CD4+Foxp3+ Treg cells in the lymphoid 
organs (SLO). n = 6 (no tx); n = 8 (MmIL-2; Neo-2/15). c, Neo-2/15 
does not have detectable immunogenicity. Mice were immunized with 
Neo-2/15 (red, n = 10) or mouse IL-2 (grey, n = 10) (14 days of daily 
intraperitoneal injections, 10 µg day−1). IgG was detected by enzyme-
linked immunosorbent assay (ELISA). Anti-Neo-2/15 polyclonal antibody 
was used as a positive control (black, n = 2) and did not cross-react with 
mouse or human IL-2. White, negative control (n = 2). OVA, ovalbumin. 
d, Neo-2/15 is more effective than mouse IL-2 in a colorectal cancer model 
(CT26). Starting on day 6, mice were administered daily with mouse IL-2 
or Neo-2/15 (10 µg) intraperitoneally, or were left untreated. Top, tumour 

growth curves show only surviving mice and stop if a group fell below 50% 
of the initial n. Bottom, survival curves. Mice were euthanized if weight 
loss exceeded 10% or tumour size reached 1,000 mm3. e, In a melanoma 
model (B16F10), combination of mAb TA99 with Neo-2/15 is more 
effective than with mouse IL-2. Starting on day 1, mice were administered 
daily with Neo-2/15 (10 µg) or equimolar mouse IL-2 intraperitoneally. 
Twice-weekly treatment with TA99 was added on day 3. Left, tumour 
growth curves. Top right, survival curve; inset shows average weight 
change. Bottom right, quantification of the cause of death. f, Neo-2/15 
elicits a higher CD8+:Treg ratio than mouse IL-2. Data are mean ± s.d., 
except in growth curves, where data are mean ± s.e.m. Results are analysed 
by one-way ANOVA (95% confidence interval), except survival curves, 
which are assessed using the Mantel–Cox test (95% confidence interval). 
All experiments were performed twice with similar results, except b, which 
shows data pooled from 3 independent experiments.
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any biologically active molecule with known or accurately predicta-
ble structure. Because of the incremental nature of current traditional 
engineering approaches (for example, 1–3 amino acid substitutions, 
chemical modification at a single site), most of the shortcomings of the 
parent molecule are inevitably passed on to the resulting engineered 
variants, often in an exacerbated form. By building mimics completely 
from scratch, these shortcomings can be avoided. Unlike recombinant 
IL-2 and its engineered variants, Neo-2/15 is highly expressed in E. 
coli (Supplementary Fig. 13), retains activity at high temperature, 
does not interact with IL-2Rα, and is robust to substantial sequence 
changes (Extended Data Fig. 8), which may enable the engineering of 
new functions. Immunogenicity against the de novo designed pro-
teins appears to be low, probably because of their small size and high  
stability35, and in contrast to incremental variants of human IL-2, any 
antibody response mounted against mimetics is unlikely to cross-react 
with its natural (cytokine) counterpart. Because of their high stabil-
ity and robustness, along with their tailored interaction surfaces, de 
novo designed protein mimetics are likely to be particularly powerful 
for developing next-generation therapeutics that combine different 
protein functionalities.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0830-7.

Received: 1 June 2018; Accepted: 15 November 2018;  
Published online 9 January 2019.

 1. Akdis, M. et al. Interleukins, from 1 to 37, and interferon-γ: receptors, 
functions, and roles in diseases. J. Allergy Clin. Immunol. 127, 701–721 
(2011).

 2. Smyth, M. J., Cretney, E., Kershaw, M. H. & Hayakawa, Y. Cytokines in cancer 
immunity and immunotherapy. Immunol. Rev. 202, 275–293 (2004).

 3. Lotze, M. T. et al. In vivo administration of purified human interleukin 2. II. Half 
life, immunologic effects, and expansion of peripheral lymphoid cells in vivo 
with recombinant IL 2. J. Immunol. 135, 2865–2875 (1985).

 4. Moraga, I. et al. Synthekines are surrogate cytokine and growth factor agonists 
that compel signaling through non-natural receptor dimers. eLife 6, e22882 
(2017).

 5. Vazquez-Lombardi, R. et al. Potent antitumour activity of interleukin-2–Fc 
fusion proteins requires Fc-mediated depletion of regulatory T-cells. Nat. 
Commun. 8, 15373 (2017).

 6. Sockolosky, J. T. et al. Selective targeting of engineered T cells using orthogonal 
IL-2 cytokine–receptor complexes. Science 359, 1037–1042 (2018).

a T cells (naive mice) Airway inflammation modelb

d eColon cancer Melanoma

MmIL-2 (10 μg day–1)
No tx

Neo-2/15 (10 μg day–1)

c

MmIL-2 (13 μg day–1) + TA99 mAb (150 μg, 2× week)
Neo-2/15 (10 μg day–1) + TA99 mAb (2× week)

CD8+ : Treg ratio (melanoma tumour) f

%Treg (Der p1+FoxP3+), SLO % Lung resident CD8+

P
er

ce
nt

ag
e 

of
 C

D
4+ C

D
44

+

0

5

10

No t
x

MmIL-
2

Neo
-2

/1
5

P < 0.001NS

No t
x

MmIL-
2

Neo
-2

/1
5

0

20

40

60

P = 0.047
P = 0.02

P
er

ce
nt

ag
e 

of
 C

D
44

+ T
hy

1.
2–

%Treg (CD25+FoxP3+)

0

2

4

P
er

ce
nt

ag
e 

of
 C

D
45

+

P = 0.006
P < 0.001

NS

No t
x

0.1 1 10 0.1 1 10

MmIL-2 Neo-2/15 MmIL-2 Neo-2/15
Dose (μg day–1 per mouse)

R
at

io

CD8+ : Treg 

No t
x

0.1 1 10 0.1 1 10

Dose (μg day–1 per mouse)

0

5

10

15
P = 0.017

P = 0.014

Immunogenicity 

Target protein (ELISA coating)

Treated mice
sera

P = 0.002
P = 0.003

P = 0.003

Anti-Neo-2/15 pAb
(–) Control

MmIL-2
Neo-2/15

A
bs

or
ba

nc
e 

at
 4

50
 n

m

0.0

0.5

1.0

Tu
m

ou
r s

iz
e 

(m
m

3 )

0

600

1,200

5 7 14

5 7 14

n = 5

21

n = 5

P = 0.004

P = 0.043

Days after tumour cell implantation

S
ur

vi
va

l (
%

)

20

60

100

21

n = 10

0 14 28 42 56

Tu
m

ou
r s

iz
e 

(m
m

3 ) 2,000

1,000

0

4 tumour-free
mice 

0 14 28 42 56

n = 10
2,000

1,000

Days after tumour cell implantation

0Tu
m

ou
r s

iz
e 

(m
m

3 )

N
um

be
r o

f m
ic

e 5

Weight loss

Tumour burden

Tumour-fre
e

Tumour-bearing

Reason for
euthanization

Surviving

1

3

0

20

40

10 μg day–1

C
D

8+  
: T

re
g P = 0.012

NS

1 μg day–1 

0

20

40

C
D

8+  
: T

re
g

NS
NS

1 μg day–1 + TA99 (150 μg, 2× week)

0

20

40

C
D

8+  
: T

re
g

NS
P = 0.041

S
ur

vi
va

l (
%

)

P = 0.036

Weight change (week-7)

 w
ei

gh
t

–12

–6

0 P = 0.015

%
 o

f i
ni

tia
l

0 14 28 42 56

20

60

100

Neo-
2/15

MmIL-2KO
Neo-2/15

Neo-
2/15

MmIL-2KO
Neo-2/15

Neo-
2/15

MmIL-2KO
Neo-2/15

No tx

Neo
-2

/1
5

MmIL-
2

HsIL
-2

OVA

Fig. 4 | In vivo characterization of Neo-2/15. a, Mouse IL-2 but not  
Neo-2/15 enhances CD4+ Treg expansion in naive mice T cells. n = 2  
(no tx (no treatment); 0.1, 1 mouse IL-2; 0.1, 1 Neo-2/15); n = 3  
(10 mouse IL-2; 10 Neo-2/15). b, In a mouse airway inflammation 
model (20 µg per day per mouse, 7 days), Neo-2/15 does not increase 
the frequency of antigen-specific CD4+Foxp3+ Treg cells in the lymphoid 
organs (SLO). n = 6 (no tx); n = 8 (MmIL-2; Neo-2/15). c, Neo-2/15 
does not have detectable immunogenicity. Mice were immunized with 
Neo-2/15 (red, n = 10) or mouse IL-2 (grey, n = 10) (14 days of daily 
intraperitoneal injections, 10 µg day−1). IgG was detected by enzyme-
linked immunosorbent assay (ELISA). Anti-Neo-2/15 polyclonal antibody 
was used as a positive control (black, n = 2) and did not cross-react with 
mouse or human IL-2. White, negative control (n = 2). OVA, ovalbumin. 
d, Neo-2/15 is more effective than mouse IL-2 in a colorectal cancer model 
(CT26). Starting on day 6, mice were administered daily with mouse IL-2 
or Neo-2/15 (10 µg) intraperitoneally, or were left untreated. Top, tumour 

growth curves show only surviving mice and stop if a group fell below 50% 
of the initial n. Bottom, survival curves. Mice were euthanized if weight 
loss exceeded 10% or tumour size reached 1,000 mm3. e, In a melanoma 
model (B16F10), combination of mAb TA99 with Neo-2/15 is more 
effective than with mouse IL-2. Starting on day 1, mice were administered 
daily with Neo-2/15 (10 µg) or equimolar mouse IL-2 intraperitoneally. 
Twice-weekly treatment with TA99 was added on day 3. Left, tumour 
growth curves. Top right, survival curve; inset shows average weight 
change. Bottom right, quantification of the cause of death. f, Neo-2/15 
elicits a higher CD8+:Treg ratio than mouse IL-2. Data are mean ± s.d., 
except in growth curves, where data are mean ± s.e.m. Results are analysed 
by one-way ANOVA (95% confidence interval), except survival curves, 
which are assessed using the Mantel–Cox test (95% confidence interval). 
All experiments were performed twice with similar results, except b, which 
shows data pooled from 3 independent experiments.
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In summary

• enormous progress in de novo design of protein structures
• promise to create fine-tuned new architectures for many 

new functions 

• design of function is more challenging
• some of these challenges can already be overcome by 

building known functional elements into de novo
architectures with improved properties




