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ABSTRACT
CXCR1 and CXCR2 signaling play a critical role in neutrophil migration, angiogenesis, and tumorigenesis 
and are therefore an attractive signaling axis to target in a variety of indications. In human, a total of seven 
chemokines signal through these receptors and comprise the ELR+CXC chemokine family, so named 
because of the conserved ELRCXC N-terminal motif. To fully antagonize CXCR1 and CXCR2 signaling, an 
effective therapeutic should block either both receptors or all seven ligands, yet neither approach has 
been fully realized clinically. In this work, we describe the generation and characterization of LY3041658, 
a humanized monoclonal antibody that binds and neutralizes all seven human and cynomolgus monkey 
ELR+CXC chemokines and three of five mouse and rat ELR+CXC chemokines with high affinity. LY3041658 
is able to block ELR+CXC chemokine-induced Ca2+ mobilization, CXCR2 internalization, and chemotaxis 
in vitro as well as neutrophil mobilization in vivo without affecting other neutrophil functions. In addition 
to the in vitro and in vivo activity, we characterized the epitope and structural basis for binding in detail 
through alanine scanning, crystallography, and mutagenesis. Together, these data provide a robust 
preclinical characterization of LY3041658 for which the efficacy and safety is being evaluated in human 
clinical trials for neutrophilic skin diseases.
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Introduction

The CXC chemokine receptors 1 and 2 (CXCR1 and CXCR2) 
are G-protein coupled receptors (GPCR) expressed on granulo-
cytes, monocytes, mast cells, and some natural killer cells that are 
capable of activating multiple downstream signaling pathways.1,2 

Chemokines have been classified into 4 subfamilies, based on the 
presence of cysteines at the amino terminal: CXC, CC, CX3C 
and C.3,4 Among chemokine subfamilies, CXC chemokines can 
be further subclassified into Glu-Leu-Arg (ELR+) and ELR− CXC 
chemokines based on the presence or absence of a tripeptide 
ELR motif at the amine terminus. The ligands for CXCR1 and 
CXCR2 make up the ELR+CXC chemokine family. Despite the 
conserved structure and shared receptors, these chemokines 
share very little sequence homology outside of the ELRCXC 
motif (Figure 1). In humans, CXCL6 and CXCL8 signal through 
CXCR1, while all seven chemokines (CXCL1, CXCL2, CXCL3, 
CXCL5, CXCL6, CXCL7, and CXCL8) signal through CXCR2.5 

Chemokine affinities to the receptors are in the single-digit nM 
range, and they typically have short turnover rates as they rapidly 
bind receptor, internalize, and are degraded.6,7 Characteristic of 
ELR+CXC chemokines is their ability to specifically recruit neu-
trophils into inflamed tissues.

Since the discovery of CXCR1, CXCR2, and their ligands in 
the early 1990s, biological pathways that include these proteins 

have been targeted for drug development based on their rele-
vance to neutrophil chemotaxis, angiogenesis, and 
tumorigenesis.5,7–11 Both small molecules and protein thera-
peutics have been investigated. The attenuation of neutrophil 
recruitment to sites of inflammation and reduction in inflam-
mation-induced angiogenesis is believed to provide a key 
opportunity to influence the pathogenesis of a variety of both 
oncology and autoimmune/inflammatory conditions. Among 
these indications are neutrophilic dermatoses, which are dis-
eases characterized by the accumulation of neutrophils in the 
skin and occasionally in internal organs, leading to inflamma-
tion and tissue damage.12

Despite substantial investment by the biopharmaceutical 
industry, effective inhibition of both CXCR1 and CXCR2 has 
been elusive owing to the redundancy in the pathways. Several 
CXCR2-specific small molecule antagonists have entered clinical 
testing, e.g., AZD5069, AZD5122, danirixin (GSK-1325756), and 
SB-656933.13–16 Several dual CXCR1/CXCR2 small molecule 
antagonists are also being tested in patients (navarixin/ 
SCH527123/MK-7123, SX-682, and reparixin).17–22 However, 
only CXCR2 is inhibited by navarixin at doses safely adminis-
tered in the clinic, while reparixin is 400-fold less potent in 
inhibiting CXCR2 relative to CXCR1 in vitro. SX-682 shows 
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promising in vitro and preclinical dual CXCR1/CXCR2 inhibi-
tion activity, but its clinical safety and efficacy remain to be seen. 
HuMab 10F8/HuMax IL-8/BMS-986253, a monoclonal anti-
body against CXCL8/IL-8, showed modest efficacy in early clin-
ical trials.23–26 Given the limitations of small molecules targeting 
the receptor(s) and antibodies targeting individual chemokines, 
as well as the likely substantial challenges of developing an anti-
body targeting two different high-turnover GPCRs present on 
a large population of cells, we chose to develop a pan-ELR+CXC 
chemokine neutralizing antibody.27–30 Since the expression 
levels of the different chemokines varies across different disease 
states, an effective pan-ELR+CXC chemokine neutralizing anti-
body should neutralize all seven chemokines with high affinity.31

LY3041658 is the first monoclonal antibody that effectively 
antagonizes both CXCR1 and CXCR2 signaling by neutralizing 
all seven of the ligands for these receptors. LY3041658 offers 
a novel approach to treating diseases where neutrophils play 
a pathogenic role, and it highlights the power of antibody 
engineering. As we enter the age of bispecific antibodies, 
LY3041658 is the first septa-specific monoclonal antibody, 
and a true first-in-class dual CXCR1/CXCR2 antagonist.

Results

Generation of a high affinity, pan-ELR+CXC chemokine 
neutralizing antibody

Chemokine signaling through either CXCR1 or CXCR2 med-
iates neutrophil recruitment to sites of inflammation. An effec-
tive therapeutic antagonizing both CXCR1 and CXCR2 
signaling must neutralize all seven ELR+CXC chemokines 
with high affinity and have acceptable physiochemical and 
pharmacokinetic properties to enable its use in the clinic. To 
identify potential pan-ELR+CXC chemokine neutralizing anti-
bodies, mice were immunized with human CXCL1 and subse-
quent hits were screened by ELISA for binding and FLIPR (Ca2 

+ flux) for neutralization of all seven human ELR+CXC che-
mokines. Mab1581 was identified with sub-nM affinity to 
CXCL1, 2, 3, and 5 and low-nM affinity to CXCL6, 7, and 8 
(data not shown). Additionally, Mab1581 was able to neutralize 
the chemokine-induced intracellular Ca2+ mobilization in 
human CXCR2 transfected HMEC cells for all human 
ELR+CXC chemokines except for CXCL6 (data not shown). 
Mab1581 was humanized to an IgG4 antibody containing the 

Figure 1. ELR+CXC chemokine sequence diversity. The sequence identity matrix heat map shows the % amino acid sequence identity between the human, cynomolgus 
monkey, mouse, and rat ELR+CXC chemokines. % identity ranges from ~30-90% across the chemokine family both within a given species and across species.
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hinge S228P mutation to prevent half-antibody formation, 
affinity matured, and optimized for developability properties 
resulting in LY3041658 (Figure S1). The IgG4 isotype was 
selected to minimize the potential for Fc-mediated effector 
function.32

Affinity optimization was performed as described pre-
viously, with the notable addition of screening both single hit 
and combinatorial libraries against four antigens (hCXCL1, 
hCXCL5, hCXCL6, and hCXCL8) in parallel to increase the 
likelihood that selected hits maintained/improved binding 
across all ELR+CXC chemokines. Binding to all seven chemo-
kines was then confirmed on select clones to identify the top 
combinatorial hit, which was designated as the Lead antibody. 
Lead optimization focused on improving sub-optimal biophy-
sical and stability properties of the Lead antibody, including 
the hydrophobicity of the heavy chain (HC) complementarity- 
determining region 3 (CDR3). Saturation mutagenesis of 

CDR3 and screening against the same four chemokines as 
before revealed very few positions that would tolerate substitu-
tion while maintain broad specificity (data not shown). Select 
tolerated positions from this screen were scaled up, purified, 
and assessed for solubility, hydrophobicity, and stability. 
LY3041658 showed clear improvements compared to both 
Mab1581 and the Lead antibody (Figure 2). Engineering of 
Mab1581 yielded a humanized antibody, LY3041658, with sub- 
nM affinity to all seven human ELR+CXC chemokines, and 
improved hydrophobicity, solubility, and stability properties.

LY3041658 binding affinity, binding kinetics, and 
neutralization

The binding affinity and kinetics of LY3041658 to human, 
cynomolgus monkey, rat, and mouse ELR+CXC chemokines 
were measured by surface plasmon resonance (SPR) at 25°C 

Figure 2. Optimization of developability properties from the 1581 hit to LY3041658. (a) Solubility as a function of pH (vertical labels, pH = 3.5, 5.5, 6.5, and 7.4) and 
ammonium sulfate concentration (horizontal labels, [(NH4)2SO4] = 0.9, 1.1, 1.3, 1.5, 1.7, and 1.9 M). Solubility was scored based on a qualitative visual scale where 1 = 
light precipitation, 2 = medium precipitation, and 3 = heavy precipitation. Reduced precipitation was observed for LY3041658 compared to both 1581 and the Lead 
antibody, indicative of improved solubility. (b) aHIC analysis demonstrated the reduced hydrophobicity (earlier retention time) of LY3041658 compared to both 1581 
and to the Lead antibody. (c) Relative to the Lead antibody, LY3041658 showed decreased growth in soluble aggregate as measured by aSEC after incubation at both 5° 
C and 40°C for 4 weeks at 25 mg/mL.

Table 1. In vitro binding kinetics of LY3041658 measured by surface plasmon resonance (SPR) at 25°C. Results reported as average ± standard deviation of 2 
replicates.

Human Cyno

Chemokine
kon 

(M−1s−1) x 105
koff 

(s−1) x 10−4
KD 

(pM)
kon 

(M−1s−1) x 105
koff 

(s−1) x 10−5
KD 

(pM)

CXCL1 9.30 ± 0.45 1.05 ± 0.01 113 ± 4 11.2 ± 0.1 1.50 ± 0.04 133 ± 1
CXCL2 7.73 ± 0.86 1.32 ± 0.06 171 ± 11 7.35 ± 1.15 1.97 ± 0.13 269 ± 24
CXCL3 7.16 ± 0.08 1.24 ± 0.11 172 ± 13 5.40 ± 0.06 1.79 ± 0.01 331 ± 3
CXCL5 5.43 ± 0.61 1.22 ± 0.00 226 ± 25 4.82 ± 0.18 2.40 ± 0.01 500 ± 21
CXCL6 7.07 ± 0.11 5.78 ± 0.37 818 ± 40 5.75 ± 0.33 8.36 ± 0.32 1,460 ± 140
CXCL7 9.00 ± 0.75 1.62 ± 0.18 181 ± 35 9.65 ± 0.64 2.20 ± 0.07 229 ± 7
CXCL8 3.39 ± 0.03 1.30 ± 0.06 384 ± 13 4.37 ± 0.01 2.68 ± 0.01 613 ± 5
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(Table 1). The cynomolgus monkey, rat, and mouse chemokine 
affinities were measured to support preclinical work and to 
guide toxicology strategy. LY3041658 binds all human and 
cynomolgus monkey ELR+CXC chemokines with high affinity. 
Affinity for each ligand is comparable between human and 
cynomolgus monkey, and all but the cynomolgus monkey 
CXCL6 are bound with sub-nM dissociation constants (KD). 
LY3041658 also binds all five rat and mouse ELR+CXC che-
mokines, though binding to both CXCL5 and CXCL7 is con-
siderably weaker, with KD values of ~30-900 nM compared to 
~200 pM for CXCL1/2/3 (Supplemental Table 1). This high 
affinity binding across most family members from four differ-
ent species, with rodent CXCL5 and CXCL7 being the excep-
tions, is remarkable given the low sequence identity across the 
chemokines (Figure 1).

The ability of LY3041658 to neutralize ELR+CXC chemo-
kine-induced intracellular Ca2+ mobilization via CXCR2 sig-
naling was evaluated in vitro using HMEC-1 cells transfected 
with human CXCR2. CXCR2 was selected over CXCR1 
because it binds all seven ELR+CXC chemokines. A dose 
response of human ELR+CXC chemokines was first established 
to determine the ability of the chemokines to induce Ca2+ 

mobilization (representative data in Figure 3(a) and S2a). All 
seven human chemokines were confirmed to induce Ca2+ 

influx, and LY3041658 was able to dose dependently inhibit 
this Ca2+ mobilization induced by 10 nM chemokine for all 

seven human chemokines (Table 2, Figure 3(b) and S2b). 
LY3041658 was also able to neutralize the tested cynomolgus 
monkey, mouse, and rat chemokines which were active in this 
assay (cCXCL5 and cCXCL7 were not active, cCXCL1 and 
cCXCL6 were not tested), but it did not neutralize rodent 
CXCL5 or CXCL7 (Table S2). Clearly, the ~30-900 nM affinity 
of LY3041658 for rodent CXCL5 and CXCL7 was too weak to 
achieve neutralization in this assay.

Figure 3. In vitro CXCR2 activity and neutralization in HMEC-CXCR2 FLIPR assay. (a) Representative dose response curves for CXCL1 or CXCL8 induction of Ca2+ flux. (b) 
Representative dose response curves for LY3041658 neutralization of Ca2+ flux induced by10 nM chemokine (EC70, approximately). Data points are the average ± SEM of 
3 replicate points. Curve fits are four parameter logistic curve fits made using GraphPad Prism 8.3.

Table 2. In vitro neutralization of 10 nM human or cynomolgus monkey chemo-
kine-induced intracellular Ca2+ mobilization in human CXCR2 transfected HMEC-1 
cells measured by FLIPR. Results reported as average ± standard deviation of 
indicated number of replicates. No Ca2+ mobilization response was observed for 
cynomolgus monkey CXCL5 or CXCL7, therefore LY3041658 neutralization activity 
against these chemokines could not be measured.

Chemokine
Human 

IC50 (µg/mL)
Cynomolgus monkey 

IC50 (µg/mL)

CXCL1 0.867 ± 0.153 (n = 3) Not Determined
CXCL2 1.28 ± 0.45 (n = 2) 0.876 ± 0.659 (n = 3)
CXCL3 0.731 ± 0.187 (n = 3) 1.10 ± 0.44 (n = 3)
CXCL5 0.681 ± 0.347 (n = 3) No Response
CXCL6 1.12 ± 0.52 (n = 3) Not Determined
CXCL7 1.07 ± 0.32 (n = 2) No Response
CXCL8 0.971 ± 0.363 (n = 5) 1.19 ± 0.39 (n = 5)

Figure 4. Binding of LY3041658 is highly specific for ELR+CXC chemokines. Data shows strong binding of LY3041658 to the human ELR+CXC chemokines coated on an 
ELISA plate, but not to the ELR−CXC chemokines. CXCL11 is the only ELR−CXC chemokine which shows any binding, and it is significantly weaker compared to the 
ELR+CXC chemokines. CXCL9 could not be analyzed due to significant nonspecific background signal. Data represent the mean ± SEM blank subtracted OD values for 
duplicate wells within a single ELISA plate. Curve fits are four parameter logistic curve fits made using GraphPad Prism 8.3.

e1831880-4 J. S. BOYLES ET AL.



LY3041658 is specific for ELR+CXC chemokines

The ELR+CXC chemokines are a subset of the larger CXC 
chemokine family, which also includes the ELR−CXC chemo-
kines CXCL4, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13, 
CXCL14, CXCL16, and CXCL17. All CXC chemokines have 
a conserved structure and N-terminal CXC motif, but other-
wise have very low sequence identity. To confirm specificity for 
ELR+CXC chemokines, binding of LY3041658 to all 16 human 
CXC chemokines was evaluated by ELISA, with the exception 
of CXCL9, which could not be used in the assay due to sig-
nificant background binding (Figure 4). Binding in this format 
to all seven ELR+CXC chemokines was confirmed. CXCL11 
showed weak binding compared with the ELR+CXC chemo-
kines, with a ~ 200-fold shift in EC50, and no binding was 
observed for any of the other ELR−CXC chemokines. CXCL9 
and CXCL11 were further characterized by SPR. Due to high 
nonspecific, charge-mediated binding of the chemokines to the 
sensor chip surface, NaCl was added to the running buffer to 
a final concentration of 500 mM and maximum chemokine 
concentrations tested were 100 nM. ELR+CXC chemokine 
binding was not significantly affected by the addition of 
NaCl. Approximate affinities of ~100 nM were measured by 
equilibrium analysis for CXCL9 and CXCL11 (data not 
shown), consistent with the EC50 shift observed by ELISA for 
CXCL11. The >100-fold weaker apparent binding of CXCL9 
and CXCL11 compared with the ELR+CXC chemokines is not 
expected to be pharmacologically relevant for LY3041658 
in vivo.

Initial LY3041658/hCXCL8 epitope characterization

Given the low sequence identity outside of the conserved 
ELR+CXC motif and the potential for lack of specificity of 
a pan-ELR+CXC chemokine antibody, we sought to character-
ize the LY3041658 epitope in detail. Initial characterization by 

Western blot suggested a conformational epitope (Figure S3). 
The hCXCL8 epitope was characterized in more detail by 
alanine scanning in a yeast display system.

An alanine scan library of hCXCL8 fused to the anchor 
protein GPDL2 and N-terminally fused with a V5 tag was 
constructed and displayed on yeast. The library was analyzed 
by flow cytometry using anti-V5 staining to detect antigen 
display and anti-hIgG staining to detect LY3041658 binding 
(Figure 5). With the exception of K67A, all mutants were 
displayed. Each of the four conserved cysteine residues (Cys7, 
Cys9, Cys34, and Cys50) were critical for binding, consistent 
with the Western blot results suggesting a conformational epi-
tope dependent on the disulfide bonds. Aside from these posi-
tions, only mutation of the Arg6 of the ELR motif resulted in 
essentially no binding to the ligand. Interestingly, arginine is 
found at this position in several of the ELR−CXC chemokines: 
CXCL9, CXCL10, CXCL11, CXCL12, and CXCL13. While 
CXCL9 and CXCL11 are bound very weakly, CXCL10, 
CXCL12, and CXCL13 are not bound, which strongly suggests 
that the arginine at this position is necessary but not sufficient 
for high-affinity binding to LY3041658.

Mutation of the hydrophobic amino acids Ile10, Tyr13, 
Phe17, Ile40, Leu49, and Leu51 with alanine resulted in moderate 
loss of binding, as did mutation of Glu38, which is 100% 
conserved in human, cynomolgus monkey, mouse, and rat 
ELR+CXC chemokines. While it is not clear from these data 
if these amino acids are directly in the LY3041658 binding 
interface or are important for conformation of the chemokine, 
it is nevertheless striking that conservative substitutions of the 
aliphatic amino acids isoleucine and leucine with alanine 
resulted in a ~ 40–50% loss in binding.

Figure 5. Alanine scanning of human CXCL8 by yeast display. (a) Expression/display of each mutant analyzed by V5+ staining. Only the K67 mutant showed poor display. 
(b) Relative binding was assessed by normalizing the V5+/hIgG+ population to total V5+ population. Substitution of any of the four conserved cysteines or the conserved 
arginine of the ELR motif effectively abolished LY3041658 binding. Several other positions with moderate loss of binding were identified: I10, Y13, F17, E38, I40, L49, and 
L51. In each plot, bars represent the mean ± SEM for two independent experiments.
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High-resolution X-ray crystal structures of LY3041658/ 
antigen complexes

In order to better define the LY3041658-ligand complex, 
a high-resolution X-ray crystal structure of the LY3041658 
Fab in complex with a C-terminal truncated variant of 
human CXCL8 (1–66) was determined. The C-terminal helix 
truncation is reported to be monomeric at higher concentra-
tions and was used given the potential for CXCL8 dimerization 
to negatively affect crystal formation.33 As shown in Figure 6 
(a), the truncated CXCL8 still dimerized within the crystal with 
one Fab bound to each CXCL8 subunit distal to the dimer 
interface. After successfully obtaining this structure, we 
obtained three additional Fab/antigen structures to better 
understand how LY3041658 can selectively bind all human 
and cynomolgus monkey ELR+CXC chemokines with high 
affinity. Collection details and refinement statistics for all four 
structures are in Tables S3 and S4.

The binding mode is highly conserved in all four structures 
despite <30% overall antigen sequence identity (Figure 6(b)). 
The buried surface area upon antigen binding ranges from 
~850 to ~960 Å2, and shape complementarity of the binding 
interface (calculated using the shape correlation statistic Sc in 
CCP4) for each complex ranges from 0.76 to 0.80 on average 
(Table S5). This is indicative of a high degree of shape com-
plementarity compared to average antibody-antigen 
complexes.34 The chemokine N-loop sits in a groove between 
HC CDR2 and HC CDR3 that makes numerous interactions 
with Arg6 of the ELR motif, as well as Ile10 and Lys11 of 
hCXCL8. The conserved arginine sidechain is buried in an 
acidic pocket formed by Trp33, Glu99, Tyr102, and Tyr110 of 
the HC along with Asn91 and Trp94 of the LC (Figure 7(a,b)). 
The arginine sidechain is anchored by a salt bridge with Glu99 

and by π-cation interactions with the Trp94 and Tyr110 aro-
matic sidechains. While the ELR leucine backbone carbonyl 
hydrogen bonds with the Trp94 LC backbone amide in all 
structures, the Leu sidechain is not specifically recognized 
(Figure S4). The ELR glutamic acid sidechain is at the edge of 
ordered structure and shows potential to interact with HC 
Arg108, with interactions observed in the cCXCL3 and 
cCXCL7 structures but not in cCXCL2 or hCXCL8 (Figure 
S4). This ambiguous interaction in the crystal structures is 
likely due to the conformational flexibility of both the glutamic 

acid and arginine sidechains as well as of the chemokine 
N-terminus, and this ambiguity is consistent with the yeast 
display data that did not show an effect on binding when the 
glutamic acid was substituted with alanine. Beyond recognition 
of the ELR motif, a hydrophobic pocket formed by Trp33, Ser52, 
Pro53, Asn54, and Tyr102 of the HC accommodates aliphatic 
residues in the chemokine: Leu12 in cCXCL2/3, Met8 in 
cCXCL7, and Ile10 in hCXCL8 (Figure 7(c)). Finally, the HC 
Glu28, Thr30, and Ser31 can interact with charged/polar amino 
acids in the chemokine: Lys11 in hCXCL8, Gln13 in cCXCL2/3, 
and Lys9 in cCXCL7.

Aside from the ELR motif and the N-loop, several additional 
key contacts are observed. Both chemokine disulfides are con-
tacted directly with a hydrogen bond between the HC Asn59 

sidechain and the chemokine Cys7/Cys34 disulfide and multiple 
contacts <4.5 Å between both the HC Tyr104 backbone and the 
HC Pro106 and the chemokine Cys9/Cys50 disulfide (Figure S5). 
In all four structures, the HC Ser55 and/or HC Ser57 sidechain 
hydrogen bonds to a polar/charged amino acid in the same 
position in the chemokine: Gln37 in cCXCL2, Glu37 in 
cCXCL3, Gln33 in cCXCL7, and Asn36 in hCXCL8. 
A complete list of observed hydrogen bonding demonstrates 
several key conserved contacts, but also the overall plasticity of 
LY3041658 and its ability to recognize the diverse sequences in 
the ELR+CXC chemokine family (Table S6). The long HC 
CDR3 loop has several exposed hydrophobic residues (Tyr104, 
Tyr105, Pro106) that extend away from the antibody surface and 
interact with numerous conserved hydrophobic chemokine 
amino acids that were also identified by alanine scanning: 
Tyr104 with Leu15 in cCXCL2/3, Thr11 in cCXCL7, and Tyr13 

in hCXCL8; Tyr105 with Ala50 in cCXCL2/3, Ile46 in cCXCL7, 
and Leu49 in cCXCL8; and Pro106 with Ile41 in cCXCL2/3, Ile37 

in cCXCL7, Ile40 in hCXCL8 (Figure 7(d)). The hCXCL8 Phe17, 
Glu38, and Leu51, which were identified by alanine scanning, 
are not observed in the LY3041658 binding interface, and 
therefore are instead likely important for conformation rather 
than part of the epitope. These positions are indicated in 
sequence alignment across the human, cynomolgus monkey, 
mouse, and rat chemokines in Figure S6, highlighting the 
diversity of sequences that LY3041658 is able to recognize.

To further evaluate the contribution of specific residues 
identified by both yeast display and analysis of the crystal 
structures, select human CXCL8 point mutants were made 

Figure 6. LY3041658/chemokine complex structure. (a) Two Fab/antigen complexes are observed in the asymmetric unit (human CXCL8 shown). The chemokines are 
present as homodimers with Fabs bound distal to the dimer interface. (b) The binding mode is conserved across cyno CXCL2 (blue), cyno CXCL3 (red), cyno CXCL7 
(yellow), and human CXCL8 (salmon). The epitope surface is composed of the N-terminus (ELR motif and N-loop), the 30s-loop, and the β2/β3 strands.
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and tested by SPR to measure binding kinetics and affinity 
(Table 3). Alanine substitutions were made at Arg6, Ile10, 
Tyr13, Ile40, and Leu49. In addition, Ala35 was substituted with 
proline to probe the importance of this position. While some 
sequence diversity exists at this position in the ELR+CXC 
chemokines, proline is only observed in rat/mouse CXCL5 
and was thought to be a potential contributor to the weak 
binding of LY3041658 to those chemokines (Figure S6). 
Unsurprisingly and consistent with both yeast display and 
crystallography results, the R6A mutation knocked out 
LY3041658 binding completely. The A35P substitution 

resulted in a faster on-rate, potentially due to decreased con-
formational flexibility of the chemokine, but a ~40-fold loss in 
affinity. Likely the proline at this same position in rodent 
CXCL5 is contributing to the weaker binding of these chemo-
kines. The I10A and Y13A mutations all had modest effects, 
with ~2-3-fold loss in affinity, while the I40A and L49A muta-
tions had more significant effects, with 70- and 10-fold losses in 
affinity, respectively. Given the relatively small contact surface 
area and the high conservation of the I40 and L49 positions, 
conformational changes may contribute to the loss in binding.

Together, these data demonstrate that LY3041658 has 
a conformational epitope that broadly recognizes the CXC 
chemokine fold and relies on several key conserved contacts 
for specificity while accommodating diversity in other epitope 
positions. The arginine of the ELR motif is necessary, but not 
sufficient for binding.

Figure 7. Detailed view of the LY3041658/hCXCL8 binding interface. (a) The Fab surface is colored by electrostatic potential using the APBS tool in PyMol 2.3 
(Schrödinger, LLC) with red representing negative electrostatic potential and blue representing positive electrostatic potential (±5 kT/e scale).35 A strong negative 
pocket shown in red binds the conserved arginine sidechain of the ELR motif, and the I10 sidechain sits in a hydrophobic pocket. (b) The R6 sidechain is anchored by 
a salt bridge to the HC E99 sidechain with several hydrogen bonds (dashed yellow lines) stabilizing the binding pocket. In addition to the salt bridge, cation-π 
interactions are observed with the R6 sidechain stacked between aromatic sidechains from both the HC and LC. (c) The paratope includes a hydrophobic pocket which 
accommodates I10 in hCXCL8 (shown), L12 in cCXCL2/3, and M8 in cCXCL7. (d) The HC CDR3 loop extends away from the Fab and forms a hydrophobic patch which 
interacts with hydrophobic residues in the N-terminus (Y13), β2 strand (I40), and β3 strand (L49) of hCXCL8. The hCXCL8 surface is colored based on residue 
hydrophobicity with purple representing hydrophobic residues and green representing hydrophilic residues. The color scale is normalized by consensus 
hydrophobicity.36

Table 3. LY3041658 SPR binding kinetics of select hCXCL8 mutants at 25°C. 
Results reported as average ± standard deviation of 2 replicates.

Variant kon (M
−1s−1) x 105 koff (s

−1) x 10−4 KD (pM)

R6A No Binding
I10A 2.77 ± 0.39 3.44 ± 0.01 1,260 ± 184
Y13A 5.09 ± 0.17 3.73 ± 0.16 731 ± 7
A35P 10.6 ± 0.7 0.50 ± 0.17 4,740 ± 1,920
I40A 0.16 ± 0.02 4.24 ± 1.16 27,100 ± 10,700
L49A 1.43 ± 0.24 5.44 ± 0.42 3,830 ± 354
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LY3041658 neutralizes ELR+CXC chemokine-induced 
neutrophil signaling and neutrophil migration, but not 
neutrophil function in vitro

Functionally, ELR+CXC chemokines are chemoattractant 
ligands that direct neutrophils to the site of inflammation. 
Ligand binding to CXCR1 or CXCR2 causes rapid internaliza-
tion of the receptor as the cells migrate with the chemokine 
gradient. In order to confirm biological activity of LY3041658 
on cells naturally expressing both CXCR1 and CXCR2, the 
ability of LY3041658 to block both chemokine-induced 
CXCR2 internalization and neutrophil chemotaxis induced 
by either CXCL1 or CXCL8 was evaluated ex vivo using pri-
mary human neutrophils. LY3041658 was able to inhibit 
ligand-induced CXCR2 internalization, while the isotype con-
trol antibody demonstrated a significant reduction in cell sur-
face CXCR2 expression due to hCXCL1- or hCXCL8-induced 

internalization. (Figure 8(a)). In addition, LY3041658 dose 
dependently blocked human neutrophil migration induced by 
either hCXCL1 or hCXCL8 (Figure 8(b)). In order to deter-
mine if LY3041658 inhibited neutrophil behaviors beyond 
those induced by ELR+CXC chemokines, an extensive panel 
of neutrophil functions was assessed. LY3041658 treatment did 
not, however, inhibit any critical neutrophil functions ex vivo, 
including fMLP activation, LTB4 activation, phagocytosis, or 
respiratory oxidative burst (Figure S7).

Together, these results demonstrate the ability of 
LY3041658 to neutralize CXCR1 and CXCR2 signaling and 
subsequent human neutrophil chemotaxis without inhibiting 
other neutrophil functions.

Figure 8. Neutralization of hCXCL1- or hCXCL8-induced CXCR2 internalization on primary human neutrophils or neutrophil migration by LY3041658 ex vivo. (a) 20 µg/ 
mL LY3041658 was able to block hCXCL1 (28 nM) or hCXCL8 (8.8 nM) induced internalization of CXCR2. Data shown (n = 1) is cell surface CXCR2 measured using flow 
cytometry expressed as Mean Fluorescence Intensity (MFI). Chemokine doses reported were equipotent in inducing CXCR2 internalization (dose response data not 
shown). (b) LY3041658 dose dependently neutralizes neutrophil chemotaxis induced by either hCXCL1 (5.1 nM) or hCXCL8 (10 nM). Chemokine doses were selected to 
be equipotent in inducing chemotaxis as measured by fluorescence of the CellTracker Green dye. Fluorescence values (485 nm/535 nm ex/em) are plotted as the blank 
subtracted mean ± SEM of triplicate test wells. Curve fits are four parameter logistic fits made with GraphPad Prism 8.3.

Figure 9. In vivo neutralizing activity of LY3041658. LY3041658 dose dependently reduced neutrophilia in mice induced by either hCXCL8 (a) or hG-CSF (b). The % 
neutrophils in blood was measured by flow cytometry as CD11b+/Ly6G+ cells normalized to total number of cells analyzed. Bars represent the mean ± SEM for n = 6 
animals. Statistical analysis was done with GraphPad Prism 8 using one-way ANOVA with multiple comparisons to the isotype control (Dunnett’s test). Significant 
differences relative to isotype control are displayed: *** = 0.0001 ≤ p < .001, **** = p < .0001.
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Pharmacodynamic studies

The pharmacodynamic (PD) effects of LY3041658 were eval-
uated in both a CXCL8 and a granulocyte-colony stimulating 
factor (G-CSF)-induced neutrophilia mouse model.37 Human 
CXCL8 is able to signal through mouse CXCR2 directly, result-
ing in neutrophil mobilization into the blood, while G-CSF 
mediates thrombopoietin release triggering endogenous 
ELR+CXC chemokine-induced neutrophil mobilization from 
the bone marrow. LY3041658 dose dependently reduced 
hCXCL8-mediated neutrophil mobilization with statistical sig-
nificance (p = .0009) at 20 mg/kg (Figure 9(a)), and it dose 
dependently reduced hG-CSF mediated neutrophil mobiliza-
tion with high statistical significance (p < .0001 compared with 
isotype control) at 1, 10, and 20, 40 mg/kg doses (Figure 9(b)). 
While neutralization of both CXCL8- and G-CSF-induced 
neutrophilia was significant relative to isotype control, neutro-
phils were not reduced to the level of the untreated groups. 
This could be the result of upregulation of mouse CXCL5 or 
mouse CXCL7, neither of which are effectively neutralized by 
LY3041658, and thus would result in only partial inhibition of 
CXCR2 signaling. Together, these results demonstrate that 
LY3041685 is biologically active in in vivo PD models.

Discussion

Here, we describe the generation and characterization of 
a humanized pan-ELR+CXC chemokine neutralizing antibody. 
The affinity maturation and humanization processes used to 
engineer this antibody included steps for optimizing its affinity 
for all seven of the human ELR+CXC chemokines, resulting in 
a novel septa-specific monoclonal antibody (mAb) that binds 
to and neutralizes this family of chemokines with sub-nM 
affinity. LY3041658 binds to all seven human and cynomolgus 
and three of five mouse and rat ELR+CXC chemokines with 
high affinity, but binds to mouse and rat CXCL5 and CXCL7 
with relatively low affinity. LY3041658 is specific for ELR+CXC 
chemokines, and it blocks chemokine binding to its receptors 
CXCR1 and CXCR2, thereby neutralizing receptor signaling.

The ability of LY3041658 to block chemokine/receptor sig-
naling was demonstrated in vitro, ex vivo, and in vivo. 
LY3041658 blocks ligand-induced Ca2+ mobilization in 
a CXCR2 transfected cell line, CXCR2 internalization in pri-
mary human neutrophils, chemotaxis of primary human neu-
trophils, and mobilization of neutrophils in mice. It is 
important to note that LY3041658 has these activities without 
blocking neutrophil function (activation, respiratory oxidative 
burst, or phagocytosis) and without significant cross-reactivity 
to ELR−CXC chemokines, which may provide a safe and effi-
cacious treatment approach for neutrophilic diseases.

While Angelini and colleagues recently reported a directed 
evolution approach to develop broadly cross-reactive chemo-
kine antibodies,38 our work is the first to describe such an 
antibody derived from a traditional immunization/engineering 
approach. Moreover, LY3041658 binds all seven human 
ELR+CXC chemokines with sub-nM affinity compared to the 
~10-100x weaker affinity and more limited cross-reactivity 

reported for the engineered single-chain variable fragments 
(scFvs).38 Given the single digit nM potency of the chemokines 
to their receptors, the higher affinity of LY3041658 is likely to 
be pharmacologically relevant. LY3041658 does so while 
retaining high selectivity against ELR−CXC chemokines. This 
combination of high affinity and promiscuity within the 
ELR+CXC chemokines across multiple species yet selectivity 
against ELR−CXC chemokines is remarkable. Our approach of 
screening against multiple chemokines starting from initial hit 
screening and continuing throughout the entire humanization 
and optimization process contrasts with other previous reports 
of introducing additional specificity by engineering existing 
monospecific antibodies.39,40 This post-hoc introduction of 
multi-specificity, while successful for generating bispecifics, 
may well have limitations in adding further specificities and/ 
or higher affinities.

Given the surprising and unique combination of high affi-
nity and high selectivity for ELR+CXC chemokines, we sought 
to further characterize the epitope and structural basis of 
binding in detail. The epitope is conformational, dependent 
on the conserved disulfide bonds, and only highly selective for 
the conserved arginine residue of the ELR motif. The paratope 
features a negative electrostatic groove and an extended hydro-
phobic CDR3 loop, suggestive of a recognition mode similar to 
that shown for both CXCR2, vCKBPs, and the recently 
reported scFvs.38,41–43 Of note, the majority of mutations 
incorporated during affinity maturation (Figure S1) are found 
not in the paratope, but rather in the VH/VL interface or 
buried within the VH or VL. This highlights the power and 
necessity of the parallel library screening approach against 
multiple chemokines, as these mutants could not be rationally 
designed and do not have predictable effects on binding across 
the ELR+CXC chemokines.

While necessary for LY3041658 binding, the ELR arginine is 
not sufficient as evidenced by the selectivity against multiple 
ELR−CXC chemokines that retain the critical arginine. Based 
on the LY3041658/chemokine complex structures and 
sequence homology, we can speculate that LY3041658 has 
multiple mechanisms for selectivity against these ELR−CXC 
chemokines, such as unfavorable electrostatic interactions 
between HC Arg108 and positively charged residues corre-
sponding to the E and X positions of the ELRCXC motif 
(CXCL9, CXCL11, CXCL12, and CXCL13) or steric hindrance 
between HC Asn59 and a proline at the position corresponding 
to Ala35 in hCXCL8 (CXCL10 and CXCL13). Perhaps not 
surprisingly, both of these differences are found in the rodent 
CXCL5 and CXCL7, which LY3041658 binds with significantly 
weaker affinity compared to all other ELR+CXC chemokines 
tested.

Prior efforts to develop therapeutic antibodies to chemo-
kines (or their receptors) have been hampered by the redun-
dant nature of the chemokine/receptor network in humans.44 

LY3041658 may have an advantage in this regard, given that it 
targets all seven ELR+CXC chemokines important in neutro-
phil chemotaxis via a common epitope, rather than targeting 
a single chemokine. Even so, a mAb therapy that disrupts 
neutrophil migration via blockade of a single chemokine, and 
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therefore only partial blockade of CXCR1 and CXCR2, has 
shown measurable effects in vivo. Notably, HuMab IL-8/ 
BMS-986253, an antibody to human CXCL8 (interleukin-8) 
that inhibits binding of CXCL8 to both CXCR1 and CXCR2 
showed some effect on clinical indices in patients with palmo-
plantar pustulosis (PPP), a predominantly neutrophilic skin 
disease.23 Results of this study also demonstrated the presence 
of CXCL1 in the washing fluid of blisters from PPP patients, 
suggesting that CXCL8 is not the only chemokine present in 
the blisters. These data support the hypothesis that inhibition 
of chemokine-mediated neutrophil migration is a potentially 
promising approach for pharmacotherapy in neutrophilic skin 
diseases, or other syndromes with prominent neutrophil- 
associated pathology, where approved treatment options are 
limited.

In conclusion, we report the generation and characteriza-
tion of LY3041658, a high-affinity pan-ELR+CXC chemokine 
neutralizing antibody. A novel septa-specific antibody, 
LY3041658 binds and neutralizes all ELR+CXC chemokines, 
thereby blocking CXCR1 and CXCR2 mediated neutrophil 
migration without blocking neutrophil function and offering 
promising therapeutic potential in both neutrophilic inflam-
matory diseases and in oncology.

Materials and methods

All animal studies were performed in accordance with 
American Association for Laboratory Animal Care 
Institutional Guidelines. All Lilly-internal in vivo experimental 
protocols were approved by the Eli Lilly and Company Animal 
Care and Use Committee. Human blood used was donated by 
healthy volunteers according to the standards of the local 
ethical boards and the Research Biological Donation Program 
(RBDP) at Eli Lilly. All donors were kept anonymous and no 
identifying personal information was shared with the research-
ers who received these biological samples.

Immunizations and screening mouse antibodies

Immunization, isolation of antigen-binding clones, and screen-
ing of mouse antibodies was carried out as described 
previously.45 Briefly, mice were immunized with recombinant 
human CXCL1. Isolated antigen-binding clones were screened 
for binding and neutralization of all seven human ELR+CXC 
chemokines. Based on its ability to bind to all seven and to 
neutralize six of the seven human ELR+CXC chemokines, clone 
1581 was selected for humanization and affinity optimization.

Humanization and optimization

Humanization was performed using the same techniques as 
described previously.45 In summary, clone 1581 CDRs were 
transferred onto human VH1-46 and VκL6 frameworks in an 
IgG4 isotype containing the S228P hinge stabilizing mutation 
and a kappa light chain, respectively.46 Simultaneously, each 
position in both heavy chain CDR3 and light chain CDR3, as 
well as heavy chain CDR2 position Asn52, were randomized to 
all possible amino acids. These were subsequently screened for 
increased affinity to hCXCL1, hCXCL5, hCXCL6, and hCXCL8 

by ELISA. Combinatorial libraries were made from the single 
hits and screened for binding and neutralization of all seven 
chemokines. The top combinatorial hit was further optimized 
for chemical and physical stability with particular focus on 
CDR3 of the heavy chain to reduce hydrophobicity and 
improve high concentration stability. Saturation mutagenesis 
of heavy chain CDR3 was performed with each mutant being 
screened for binding by ELISA to hCXCL1, hCXCL5, hCXCL6, 
and hCXCL8 as before. Permissive mutants were subsequently 
triaged using a high throughput, small scale solubility assay to 
rapidly identity variants with improved solubility.47 Select 
mutants with improved solubility were scaled up and fully 
characterized for binding, neutralizing activity, and develop-
ability. From this work, the candidate mAb LY3041658 was 
identified.

Hydrophobic interaction chromatography

Hydrophobicity of antibodies was assessed by analytical hydro-
phobic interaction chromatography (aHIC) using a Source 
15PHE PE 4.6 × 100 mm column (GE Healthcare) on an 
Agilent 1100 series HPLC. Mobile phase A was phosphate- 
buffered saline (PBS) pH 7.2, and mobile phase B was 60% 
acetonitrile/40% water. Samples were diluted to 0.5 mg/mL in 
PBS pH 7.2, and 0.05 mg was injected. Antibodies were eluted 
with a linear gradient from 0% to 100% B over 13 minutes at 
a flow rate of 1 mL/min, and detection was by UV absorption at 
280 nm.

Stability analysis

Antibodies were dialyzed into 10 mM sodium citrate pH 
6.5 and concentrated to 25 mg/mL using Amicon® Ultra-4 
30 kDa NMWL centrifugal filters (Millipore Sigma). 
Samples were held at 5°C and 40°C. Percent soluble aggre-
gate was measured at initial, 1, and 4-week timepoints by 
analytical size-exclusion chromatography (aSEC) using an 
Agilent 1100 series HPLC. aSEC was performed by injecting 
1 µL of undiluted samples on a 7.8x300mm TSKgel 
G3000SWXL column (Tosoh Bioscience) in a 50 mM 
sodium phosphate pH 7.0 + 150 mM NaCl isocratic mobile 
phase at a flow rate of 0.5 mL/min with UV absorption 
detection at 280 nm. Chromatograms were integrated in 
ChemStation (Agilent) to determine the % of soluble 
aggregate.

Chemokine and antibody expression and purification

Cynomolgus monkey ligands were not commercially available 
and were therefore produced in-house. Briefly, cynomolgus 
monkey CXCL1, CXCL2, CXCL3, and CXCL6 were expressed 
in HEK293 EBNA cells. Chemokines were purified using SP 
sepharose and SEC. Cynomolgus monkey CXCL7 was 
expressed in E. coli cells as a His-sumo fusion protein. This 
protein was refolded, cleaved with yUlp1, and purified using 
IMAC, SP sepharose, and reverse phase chromatography. 
Cynomolgus monkey CXCL5 and CXCL8 were expressed and 
purified from a bacterial soluble protein expression system. 
Correct mass for all proteins was confirmed by MALDI-TOF, 
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amino acid sequence was confirmed by N-terminal Edman 
sequencing, and in vitro activity was confirmed by a cell- 
based FLIPR assay. All other human, mouse, and rat 
ELR+CXC ligands were purchased from R&D Systems or 
PeproTech.

Human CXCL8 variants, both the 1–66 C-terminal trun-
cated variant and the point mutants, were expressed, refolded, 
and purified using the same procedure used for cynomolgus 
monkey CXCL7.

The nomenclature, accession numbers, and relevant amino 
acid ranges for all chemokines as used in this study are pro-
vided in Tables S7 and S8. All chemokine amino acid number-
ing used in this manuscript is relative to these ranges.

Antibody expression and purification was carried out as 
described previously.45

Binding measurements

Binding kinetic measurements were made at 25°C by surface 
plasmon resonance (SPR) using a Biacore 2000 instrument. 
A CM5 sensor chip with Protein A amine coupled to the chip 
surface and 1X HBS-EP+ running buffer were used. In each 
cycle, approximately 400–600 RU of LY3041658 was captured 
in flow cell 2 (Fc2) followed by a 250 second injection of 
chemokine at 100 µL/min, a 30-minute dissociation at 
100 µL/min, and a 60 second injection of glycine pH 1.5 at 
50 µL/min to regenerate the chip surface. Chemokine concen-
trations were 2-fold serially diluted down in running buffer 
from either 50 nM for high-affinity chemokines or 1 µM for 
low-affinity chemokines and injected in duplicate for each 
experiment. Reference subtracted data (Fc2-Fc1) was blank 
subtracted and fit to a 1:1 kinetic binding model using 
BIAEvaluation software.

Equilibrium binding measurements for the very weak bind-
ing human CXCL9 and CXCL11 were made using 1X HBS-EP 
+ with an additional 350 mM NaCl added and maximum 
ligand concentration of 100 nM due to significant nonspecific 
binding of the chemokines to the chip surface. Ligand injec-
tions were at 50 µL/min for 420 seconds to allow binding to 
reach equilibrium. Data were fit to the ‘One site – Specific 
binding’ saturation binding model in GraphPad Prism 8.3.0.

FLIPR neutralization assay

HMEC-huCXCR2 is an immortalized human mammary 
endothelial cell line (HMEC-1) transduced with retrovirus 
for expression of human CXCR2.48 Cultures were maintained 
at sub-confluent densities (50% to 80% confluent). For each 
experiment, cells were harvested with TrypLE Express 
(Gibco), cell density was adjusted to 3 × 105 cells/mL in 
complete culture medium and 100 µL of the cell suspension 
were seeded into wells of black, clear-bottom assay plates 
(Costar 8671BC). Cell plates were incubated at room tem-
perature for 30 minutes to allow cells to settle to the bottom 
of the wells before plates are incubated overnight at 37°C in 
5% CO2. For each assay plate, the contents of one vial of Fluo- 
4NW reagent (Molecular Probes F36206) was suspended in 
10 mL assay buffer and 100 µL probenecid from the kit to 
make 1x Fluo-4NW reagent. After incubation, culture 

medium was aspirated and 100 µL of the 1x Fluo-4NW solu-
tion was added to each well of the assay plate. Plates were 
incubated for 30 minutes at 37°C followed by an additional 
30 minutes at room temperature, protected from light. 
LY3041658 was serially diluted at 3x the final assay concen-
tration in assay buffer containing 0.2% bovine serum albumin 
(BSA; final concentrations ranging from 10 to 0.0195 µg/mL). 
Stock solutions of chemokines were prepared in Assay Buffer 
+ 0.2% BSA at 30x the final assay concentration (final con-
centrations were 10 nM for all chemokines). Twenty micro-
liters of chemokine were mixed with 180 µL of antibody in 
wells of v-bottom 96-well polypropylene plates and incubated 
at room temperature for 30 minutes. The cell plate and the 
ligand-antibody plate were loaded into a Fluorometric 
Imaging Plate Reader (FLIPR-3, Molecular Devices) pro-
grammed to transfer 50 µL of ligand-antibody solution to 
wells of the cell plate, and fluorescence was recorded 
every second for 90 seconds. The change in fluorescence 
(ΔRFU; Max-Min) was calculated from images 10 to 90. 
The ΔRFU versus log [antibody] was plotted, and IC50 values 
were determined by nonlinear regression using a four- 
parameter logistic model in GraphPad Prism.

Specificity ELISA

An ELISA plate was coated overnight with chemokines at 1 µg/ 
mL in PBS. Coating solution was removed, the plate was 
blocked with 1% casein in PBS, and then LY3041658 was 
added at concentrations of 20, 4, 0.8, 0.16, 0.032, and 0 µg/ 
mL in duplicate in blocking buffer. LY3041658 was detected 
with an anti-human Fc horseradish peroxidase secondary anti-
body (Southern Biotech, P/N 2014–05), developed with TMB, 
acid stopped, and OD at 450 nm was measured.

Yeast display

The hCXCL8 (1–72) gene was cloned into the yeast display 
plasmid pEMD3, which contains a tryptophan selection mar-
ker. The resulting construct contained a V5 tag at the 
N-terminus and a GPDL2 anchor protein at the C-terminus 
allowing display on the surface of yeast under the tryptophan 
selectable marker.

Single alanine mutations were introduced at every position, 
except for alanine positions at which glycine mutations were 
introduced. Mutations were made by Kunkel mutagenesis.49 

Briefly, uracil-containing single-strand DNA (ssDNA) of the 
pEMD3 vector was produced after transformation into CJ236 
(New England Biolabs). A single colony of the transformation 
was grown overnight, the ssDNA was rescued following infec-
tion with M13K07 helper phage (New England Biolabs), and 
the ssDNA was purified using a QIAprep spin M13 kit. 
Oligonucleotides encoding mutations were annealed at a 20:1 
molar ratio to the uracil template by denaturing at 85°C for 
5 minutes, ramping to 55°C over 1 hour, holding at 55°C for 
5 minutes, then chilling on ice. Second strand synthesis was 
then completed with T4 polymerase, T4 ligase and dNTPs 
(Invitrogen). The reaction was electroporated into Top10 
E. coli (Invitrogen) and single colonies were picked, double- 
strand DNA prepared using the QIAprep miniprep kit 
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(Qiagen), and mutations confirmed by sequencing. CXCL8 
mutants were co-transformed into BJ5464 yeast (ATCC) and 
grown in complete minimal media without tryptophan and 
uracil.

Yeast were stained first with anti-V5 antibody (Invitrogen, 
P/N R960CUS) and LY3041658 and subsequently with 
a secondary goat anti-mouse IgG2a (Invitrogen, Alexa Fluor® 
647, P/N A21241) to detect anti-V5 antibody (expression/dis-
play) and a goat anti-human kappa (Southern Biotech, PE, P/N 
2060–09) to detect LY3041658. Yeast were analyzed by flow 
cytometry on a Becton Dickinson LSR11, where 50,000 events 
were collected based on gating cells by light scatter, V5/ 
Alexa647, and LY3041658/PE staining. Relative binding was 
determined by normalizing the V5/LY3041658 double posi-
tives to total V5 positives.

Crystallization and structure determination

Purified antibody-ligand complexes at ~10 mg/mL were crys-
tallized by the vapor diffusion method (sitting drop) at 21°C by 
mixing 0.3 μL of protein with 0.3 μL of well solution. Well 
solutions varied depending on the protein complex: Fab: 
cCXCL2 – 12% PEG 20 K, 100 mM MES pH 6.5; Fab: 
cCXCL3 – 25% PEG 4 K, 100 mM MES pH 6.5, 200 mM 
Magnesium Chloride; Fab:cCXCL7 – 25% PEG 3000, 
100 mM HEPES pH 7.5; Fab:hCXCL8 – 20% PEG 3350, 
200 mM Magnesium Chloride. Thin crystal prisms or plates, 
appeared within 7 days, were harvested and frozen in liquid 
nitrogen after quick passage in 80% well solution supplemen-
ted with 20% ethylene glycol as a cryoprotectant.

Synchrotron diffraction data was collected at the Advanced 
Photon Source (Argonne National Laboratory, Argonne, IL), 
beamline 31-ID (LRL CAT) at 100 K. Data was processed 
using MOSFILM and scaled using CCP4 suite of programs.50,51 

The structure was initially solved by molecular replacement 
using PHASER.52 The model tracing was done in COOT and 
refined using BUSTER.53,54 Resolution of the structures ranged 
from 1.8 to 2.4 Å and belonged to P21 (cCXCL2 and cCXCL7 
complexes) or to P212121 (cCXCL3 and hCXCL8) spacegroup. 
Data collection and refinement statistics are presented in 
Supplemental Table 3. Coordinates and structure factors for 
the antigen complexes with LY3041658 have been deposited in 
the RCSB Protein Data Bank with the accession codes 6WZJ, 
6WZK, 6WZL, and 6WZM.

Neutralization of ligand-induced CXCR2 internalization

Human blood was collected in EDTA-containing Vacutainer tubes 
and held at room temperature. The hIgG4 isotype control antibody 
(20 µg/mL) or LY3041658 (20 µg/mL) was incubated with hCXCL1 
(28 nM) or hCXCL8 (8.8 nM) at 37°C for 30 minutes.

After incubation, 10 µL of the antibody/chemokine samples 
was added to 90 µL of whole blood, vortexed for 5 seconds and 
incubated at 37°C for 30 minutes. The tubes were immediately 
transferred to ice following incubation. Surface CXCR2 was 
then measured by flow cytometry. Cells were stained with 5 µL 
of anti-CXCR2-PE (BD Biosciences, clone 6C6, P/N 555933) 
for 30 minutes on ice, transferred to a TQ-Prep workstation 
(Beckman Coulter) to lyse the red blood cells and fix the 

samples, then read on a FC500 (Beckman Coulter) flow cyt-
ometer. The neutrophil population was gated by forward/side 
scatter properties and the amount of CXCR2 present on the 
surface was analyzed by WinList Software and expressed as 
Mean Fluorescence Intensity (MFI).

Neutralization of human neutrophil chemotaxis

Peripheral blood from healthy volunteers was drawn into two 10 mL 
sodium heparin tubes. To isolate neutrophils, 5 mL of blood was 
layered over 5 mL of Polymorphprep in four 15 mL tubes. The tubes 
were centrifuged for 30 minutes at 470 x g, 18°C. The plasma and top 
cell band (mononuclear cells) were removed and discarded. 
The second band (neutrophils) was pooled from the 4 tubes and 
an equal volume of PBS was added. The tube was centrifuged for 
10 minutes at 400 x g, 18°C. The pellet was washed with 12 mL of 
PBS, centrifuged as before, and the pellet was resuspended with 
11 mL HBSS/BSA (7.5 mg/mL BSA, HBSS). Sixty million cells 
were suspended in 12 mL HBSS/BSA and 5 µM CMFDA 
CellTracker Green dye and incubated for 30 minutes at 37°C. Post- 
incubation, cells were pelleted by centrifugation, washed once with 
12 mL HBSS/BSA, and then resuspended in 12 mL HBSS/BSA (5 
x 106 cells/mL).

LY3041658 and isotype control were diluted to 216 µg/mL 
using HBSS/BSA and then serially diluted 1:5 with HBSS/BSA. 
hCXCL8 was diluted to 20 nM with HBSS/BSA, and hCXCL1 
was diluted to 10.1 nM with HBSS/BSA. 70 µL of the test 
articles or HBSS/BSA were mixed with 70 µL of either the 
hCXCL8 or hCXCL1 and incubated at room temperature for 
approximately 30 minutes. 30 µL of the mixture was dispensed 
into the lower chamber wells of a ChemoTx plate in triplicate. 
Background signal was derived from wells containing only 
HBSS/BSA (no chemokine or antibody). The ChemoTx filter 
was placed over the lower chamber and 50 µL of cell suspen-
sion (250,000 cells) was dispensed above each well and the 
ChemoTx plate incubated for 3 hours at 37°C, 5% CO2. After 
the incubation, the cells were rinsed from the top surface with 
PBS and the ChemoTx filter removed. The fluorescence was 
read at 485 nm/535 nm ex/em using only the bottom detector 
(Wallac Victor3 1420 counter). The mean fluorescence of the 
background wells (HBSS/BSA only) was subtracted from the 
test well fluorescence.

Pharmacodynamic assays in mouse

The ability of LY3041658 to neutralize neutrophil mobilization 
induced via administration of either recombinant human CXCL8 
or recombinant human G-CSF was evaluated. In the hCXCL8 study, 
six C57BL/6 mice per group were dosed intraperitoneally with 20, 10, 
or 1 mg/kg of LY3041658 or 20 mg/kg of isotype control 24 hours 
prior to CXCL8 stimulation. Recombinant hCXCL8 (Peprotech P/N 
200–08 M) was administered intravenously at a dose of 5 µg. In the 
hG-CSF study, six C57BL/6 mice per group were dosed intraperito-
neally with 40, 20, 10 or 1 mg/kg of LY3041658 or 40 mg/kg of 
isotype control 24 hours prior to G-CSF stimulation. Recombinant 
hG-CSF (R&D Systems P/N 214-CS) was administered intravenously 
at a dose of 2.5 µg. Both studies included an untreated control group 
to determine baseline neutrophil levels. Animals were euthanized 
2 hours post G-CSF treatment or 50 minutes post CXCL8 treatment, 
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and blood was collected by cardiac puncture into EDTA-containing 
syringes. Rat anti-mouse Ly-6 G antibody (BD Biosciences clone 
RB6-8C5 P/N 553126 or 1A8 P/N 551460 FITC conjugate) and rat 
anti-mouse CD11b antibody (BD Biosciences clone M1/70, PE con-
jugate, P/N 553311) were added to whole blood and incubated for 
15–30 minutes. Stained samples were diluted ~20-fold in 1X Lyse/Fix 
buffer (BD Biosciences) and incubated for 10 minutes at room 
temperature. Cells were pelleted by centrifugation, washed twice 
with PBS, then resuspended in 1% paraformaldehyde. Cells were 
analyzed by flow cytometry and gated on CD11b+LY6G− (mono-
cytes) and CD11b+LY6G+ (neutrophils) with neutrophils reported as 
% of total.
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