
Vol.:(0123456789)

Drugs in R&D (2023) 23:421–438 
https://doi.org/10.1007/s40268-023-00441-7

ORIGINAL RESEARCH ARTICLE

Analytical and Functional Similarity of the Biosimilar Candidate 
ABP 654 to Ustekinumab Reference Product

Greg Cantin1 · Qian Liu1 · Bhavana Shah1 · Scott Kuhns1 · Mats Wikström1 · Shawn Cao1 · Jennifer Liu1

Accepted: 11 September 2023 / Published online: 13 October 2023 
© The Author(s) 2023

Abstract
Background and Objective ABP 654 is a proposed biosimilar to ustekinumab reference product (RP), a human immuno-
globulin isotype class G subclass 1 kappa monoclonal antibody that acts as an antagonist of interleukin (IL)-23 and IL-12. 
Ustekinumab RP is indicated for the treatment of some forms of plaque psoriasis, active psoriatic arthritis, Crohn’s disease, 
and ulcerative colitis. ABP 654 and ustekinumab RP utilize different expression systems, and the purpose of this study was 
to assess analytical similarity between ABP 654 and ustekinumab RP sourced from the United States (US) and the European 
Union (EU).
Methods The analytical testing plan included general properties, primary structure, higher-order structure, product-related 
substances and impurities, particles and aggregates, biological activity, and thermal stability and degradation studies.
Results ABP 654 was found to be analytically similar to ustekinumab RP with respect to physicochemical and biological 
properties, including structure, function, purity, and potency.
Conclusions Based on a comprehensive similarity assessment, ABP 654 was found to be similar to ustekinumab RP, notwith-
standing minor physicochemical differences that are not expected to have a clinically meaningful effect on safety or efficacy.

Key Points 

ABP 654 has been developed as a biosimilar product to 
the reference product  Stelara® (ustekinumab), a bio-
logic used for the treatment of Crohn's disease, ulcera-
tive colitis, plaque psoriasis, and psoriatic arthritis. A 
comprehensive analytical similarity assessment has been 
carried out between ABP 654 and ustekinumab. Usteki-
numab is expressed in an Sp2/0 cell line system, whereas 
ABP 654 is expressed in a Chinese hamster ovary cell 
line system glyco-engineered to enhance biosimilarity to 
ustekinumab.

The totality of the data demonstrates that ABP 654 is 
analytically similar to ustekinumab; while there are some 
minor differences in ABP 654 compared with usteki-
numab, these are not considered to be clinically mean-
ingful.

1 Introduction

ABP 654 is a proposed biosimilar to ustekinumab [1] ref-
erence product (RP), a human immunoglobulin (Ig) iso-
type class G subclass 1 kappa monoclonal antibody that 
binds to the common p40 subunit of cytokines interleukin 
(IL)-23 and IL-12. Binding of ustekinumab RP to IL-23 
and IL-12 prevents interaction with their cognate recep-
tors, resulting in modulation of immune system responses 
which play a key role in the pathophysiology of chronic 
inflammatory diseases [1–3]. In the United States (US) 
and the European Union (EU), ustekinumab RP is indi-
cated for the treatment of some forms of plaque psoriasis, 
active psoriatic arthritis, Crohn’s disease, and ulcerative 
colitis [1, 4].

Ustekinumab RP is expressed in an Sp2/0 cell line sys-
tem, whereas ABP 654 is expressed in a Chinese ham-
ster ovary (CHO) cell line system glyco-engineered to 
enhance biosimilarity to ustekinumab RP. Recognizing 
that a change in expression system may result in some 
analytical differences, including variations in glycan pro-
file, carefully considered cell line and manufacturing pro-
cess development were applied, with emphasis on main-
taining biological function critical to the mechanisms of 
action required for the clinical indications approved for 
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ustekinumab RP, and minimizing any potential impact on 
safety, immunogenicity, or efficacy.

To gain regulatory approval of a biosimilar, US and 
EU guidelines recommend a stepwise totality-of-evidence 
(TOE) approach, which can be defined as the sum of data 
from comparative analytical, nonclinical, and clinical stud-
ies [5]. A TOE approach aims to demonstrate that there are 
no clinically meaningful differences in safety or efficacy 
between the biosimilar candidate and its RP [5–10].

Biosimilar development begins with an extensive ana-
lytical characterization of the RP, incorporating multi-
ple orthogonal techniques to elucidate its structural and 
functional characteristics [11, 12]. The results from these 
studies are used to guide the development of a biosimi-
lar candidate. An array of laboratory-based comparative 
assays is conducted to provide a comprehensive structural 
and functional profile of the molecule.

Consistent with US and EU guidelines [7, 10], this 
study was designed to assess biochemical, biophysical, and 
biological similarity, and to understand whether any dif-
ferences between ABP 654 and ustekinumab RP have the 
potential to impact clinical performance. In these studies, 
ustekinumab RP was sourced from both the US and EU to 
satisfy the regulatory requirement, which states that the 
RP in these foundational comparative assessments must 
be locally sourced. This allows for the development of a 
scientific bridge such that only a single source of RP may 
be used in clinical evaluations.

2  Methods

Up to 22 lots of ABP  654 derived from unique drug 
substance lots were included in the assessment. Usteki-
numab (US) and ustekinumab (EU) drug product lots were 
acquired on a regular basis and cover a period of more than 
7 years. Up to 27 ustekinumab (US) and 40 ustekinumab 
(EU) lots were tested as part of the analytical similarity 
assessment. For attributes/activities where lot-to-lot vari-
ation is not expected and/or orthogonal methods were also 
utilized, a subset of lots was analyzed for similarity assess-
ment. For ABP 654, clinical lots were included in the test-
ing where a limited number of lots were used. For RP, lots 
available at the time of testing were selected. For attrib-
utes/activities where the data are quantitative in nature, the 
results of all unique ABP 654 lots were assessed against 
the minimum–maximum ranges established based on 
ustekinumab (US) and ustekinumab (EU) lots.

ABP 654 has the same dosage forms, presentations, 
and product strengths as the RP. ABP 654 is developed in 
multiple presentations, including 45 mg (0.5 mL) prefilled 

syringe (PFS), 90 mg (1 mL) PFS, 45 mg (0.5 mL) vial, 
and 130 mg (26 mL) vial. Since the drug substance manu-
facturing process is the same, results from these presen-
tations were combined for similarity assessment, unless 
otherwise noted.

2.1  Analytical Assessments

2.1.1  Reduced Peptide Map

Reduced peptide map analysis was conducted by liquid 
chromatography with tandem mass spectrometry (LC–MS/
MS) using a hybrid ion trap-Orbitrap mass spectrometer 
(Thermo Fisher Scientific). Samples were denatured with 
guanidine hydrochloride (HCl), then reduced with dithio-
threitol (DTT; ThermoFisher) and alkylated using iodoacetic 
acid (Sigma). The desalted material was digested with 
trypsin (Roche Life Science) and the resulting cleavage frag-
ments were separated by reversed-phase ultra-high-perfor-
mance liquid chromatography (UHPLC) using a BEH C18 
column (2.1 mm × 150 mm, 1.7 μm particle size; Waters) 
with an increasing gradient of 0.05 mM methionine, 0.1% 
trifluoroacetic acid (TFA) in acetonitrile. Eluting peaks were 
detected by ultraviolet (UV) absorbance (215 nm), and the 
peptides were introduced to the mass spectrometer (MS) by 
electrospray ionization to determine peptide masses.

2.1.2  Glycan Analysis

N-linked glycans were evaluated by glycan map analy-
sis using hydrophilic interaction liquid chromatography 
(HILIC) with fluorescence detection (FD). N-glycans were 
released by treatment with the PNGase F (Agilent Technolo-
gies, Inc.; peptide-N4-[acetyl-β-glucosaminyl]-asparagine 
amidase EC 3.5.1.52). The reducing end of the released 
glycans was then labeled through reductive amination with 
a fluorescent tag, 2-aminobenzoic acid (Sigma-Aldrich), 
and the labeled glycans were separated using a Waters BEH 
Glycan column (2.1 × 150 mm, 1.7 μm particle size) in an 
acetonitrile mobile phase with an increasing gradient of 
ammonium formate in water. Peak identification was per-
formed by coupling the UHPLC with an MS for verification 
against the expected glycan mass.

2.1.3  Sialic Acid Linkage Analysis

Samples were digested with Rapid PNGase F (New Eng-
land Biolabs) in the presence of DTT. Released glycans were 
cleaned from buffer and residual protein using EB10 car-
tridges (QA-Bio). Dried glycans were labeled using 2-amin-
obenzamide acid (QA-Bio). Labeled glycans were purified 
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from the reagent using Glycoclean S cartridges (Agilent). 
Dried labeled glycans were reconstituted in water. Released 
labeled glycans were treated each with neuraminidase Au 
(specific for 2-3,6,8,9 linkages; QA Bio) and neuraminidase 
Sp (specific for 2,3 linkages; QA-Bio). The samples were 
analyzed by HILIC-FD-MS as described above, except that 
a Waters BEH amide glycan HILIC column (2.1 × 100 mm, 
1.7 μm particle size) was used. Glycans were assigned from 
their determined masses as well as by comparing retention 
times with those of available glycan standards.

2.1.4  Higher‑Order Structure

For secondary structure assessment, the Fourier-transform 
infrared spectroscopy (FTIR) measurements of samples 
were performed side-by-side, without dilution, and at ambi-
ent temperature using an FTIR spectrometer. The spectrum 
of the buffer blank (ustekinumab drug product buffer) is 
recorded under identical conditions and is subtracted from 
the protein spectra. A single measurement is carried out for 
each sample. The second derivative spectrum is calculated 
using a 9-point smoothing of the normalized original spec-
tra. The spectral similarity of each test lot against usteki-
numab (US) and ustekinumab (EU) lots was quantitatively 
determined using the Thermo OMNIC software QC Com-
pare function where 100% similarity indicates identical 
spectra [13].

For tertiary structure assessment, the near UV circular 
dichroism (CD) method measures the difference in absorp-
tion between left- and right-handed polarized light in the 
region of 240–340 nm. Samples were diluted before the 
near UV CD measurements. The near UV CD spectra of 
the samples were generated on a spectropolarimeter at 
ambient temperature using cuvettes with a pathlength of 
1 cm. A single measurement was carried out for each sam-
ple. The spectra are corrected for small concentration dif-
ferences and contributions from the buffer and are reported 
as mean residual molar ellipticity. The spectral similarity 
was quantitatively determined using the Thermo OMNIC 
software QC Compare function where 100% similarity 
indicates identical spectra [14].

The thermal stability of the samples was assessed side-
by-side by differential scanning calorimetry (DSC) using 
a system in which temperature differences between the 
reference and sample cell are continuously measured and 
calibrated. The unfolding of the protein molecules appears 
as endothermic transitions on the DSC thermogram and 
can be characterized by the midpoints of the thermal tran-
sition temperatures (Tm). There are two thermal transi-
tions (Tm1 and Tm2) corresponding to the unfolding of the 
fragment antigen binding and  CH3 domains, respectively. 
Duplicate measurements were performed on all samples, 
and the results are reported as an average of the replicates.

2.1.5  Analytical Ultracentrifugation Sedimentation 
Velocity

Analytical ultracentrifugation sedimentation velocity 
(AUC-SV) was used to assess the hydrodynamic radius 
of ustekinumab RP and ABP 654. Samples were diluted 
before measurements by AUC-SV. The sedimentation 
velocity experiments were performed at 40,000 rpm, and 
the absorbance at 280 nm was recorded. Triplicate meas-
urements were carried out for each sample and the mean 
results were reported as a percentage of monomer and high 
molecular weight (HMW) species. The HMW species were 
below the limit of quantitation for all samples.

2.1.6  Size‑Exclusion High‑Performance Liquid 
Chromatography with Light Scattering Detection

Size variants were assessed by size-exclusion high-per-
formance liquid chromatography with light scattering 
detection (SE-HPLC–LS), where SE-HPLC was coupled 
with a static light scattering detector, a refractive index 
(RI) detector, and a UV detector with wavelength set 
at 280 nm. Samples were injected without dilution into 
the SE-HPLC–LS system. For the molar mass calcula-
tion of eluting peaks, an RI increment value (ẟn/ẟc) of 
0.182 mL/g was used.

2.1.7  Size Variants by Size‑Exclusion 
Ultra‑High‑Performance Liquid Chromatography, 
Reduced and Non‑Reduced Capillary Electrophoresis 
Sodium Dodecyl Sulfate

Native size variants were analyzed by size-exclusion ultra-
high-performance liquid chromatography (SE-UHPLC). SE-
UHPLC measurements were made on a UHPLC system with 
a BEH200 1.7 µm, 4.6 × 150 mm SEC column (Waters). 
Analytes were separated isocratically, monitored by UV 
absorbance at 280 nm, and purity was evaluated by deter-
mining the peak area of each species as a percentage of the 
total peak area. Capillary electrophoresis sodium dodecyl 
sulfate (CE-SDS) was used for separation of denatured pro-
tein size variants under reduced or non-reduced conditions. 
For the non-reduced condition, samples were denatured 
using SDS at 60 °C for 5 min. For the reduced condition, 
β-mercaptoethanol was added to the protein denaturation 
step to reduce the disulfide bonds and incubation was per-
formed at 70 °C for 10 min. After denaturation, samples 
were injected into a bare fused silica capillary and separated 
based on hydrodynamic size resulting from an applied elec-
tric field in which the migration time of smaller size proteins 
is inversely related to overall size. Analytes were monitored 
by UV absorbance at 220 nm, and purity was evaluated by 
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determining the corrected peak area of each species as a 
percentage of the total corrected peak area.

2.1.8  Charge Variants by Cation Exchange 
High‑Performance Liquid Chromatography

Charged isoforms in samples were separated on a BioPro 
SP-F column (4.6 × 100 mm, 5 μm particle size; YMC). 
Eluted peaks using a salt gradient were monitored by UV 
absorbance at 280 nm and purity was evaluated by deter-
mining the peak area of each charged isoform group (acidic, 
main, and basic peaks) that eluted separately as a percentage 
of the total peak area. Samples were analyzed untreated, 
treated with carboxypeptidase B, and treated with carboxy-
peptidase B and PNGase F.

2.2  Functional Assessment

2.2.1  Inhibition of Interleukin (IL)‑23‑ and IL‑12‑Mediated 
Signaling

IL-23 induces the signal transducer and activation of transcrip-
tion (STAT) signaling pathway upon binding to the heterodi-
meric receptor comprised of IL-23R and IL-12Rβ1 chains. 
The ability of ABP 654 to inhibit IL-23-induced signaling 
was evaluated using a cell-based reporter assay. In this assay, 
IL-23R (HEK-293) cells containing IL-12Rβ1, IL-23R, and a 
sis-inducible element (SIE)-response element (RE) luciferase 
gene (Luc2P) were utilized to measure the activity of the IL-
23-induced STAT signaling pathway. In the presence of IL-23, 
the cells were induced to generate a bioluminescent signal that 
can be detected with addition of luminescence reagent in a 
plate reader. The IL-23R reporter cells were incubated with 
a fixed concentration of IL-23 in combination with various 
concentrations of serially diluted sample. The reduction in 
the amount of luminescence detected was proportional to the 
degree of IL-23 blocking activity of the antibody. The test 
sample dose-response curve is fitted to a 4-parameter logistical 
equation and the relative activity of the sample was compared 
with that of the reference standard.

Binding of IL-12 to its heterodimeric receptor composed of 
IL-12Rβ2, and IL-12Rβ1 chains also induces the STAT signal-
ing pathway. The principle for the inhibition of IL-12-induced 
signaling bioassay was the same as for the inhibition of IL-
23-mediated signaling assay described above except that the 
IL-12R (HEK-293) cells containing IL-12Rβ1, IL-12Rβ2, 
and a SIE-RE-Luc2P is utilized to measure the IL-12-induced 
signaling.

2.2.2  IL‑23 and IL‑12 Receptor‑Ligand Binding

Two receptor-ligand binding assays have been developed 
that use a bead-based amplified luminescent proximity 

homogeneous format that detects biomolecular interactions. 
For the IL-23 receptor-ligand binding assay, biotinylated 
human recombinant IL-12 receptor β1 (IL-12R-biotin) binds 
to histidine tagged IL-23 (IL-23-His). The format for the IL-12 
receptor-ligand binding assay is the same as described for the 
IL-23 receptor-ligand binding assay except that IL-12 is used 
as the ligand. The donor beads are coated with a hydrogel that 
contains phthalocyanine, a photosensitizer, and streptavidin. 
The acceptor beads contain thioxene derivatives, as well as 
nickel chelate. When IL-12-R-biotin and IL-23-His or IL-
12-His bind to each other, the acceptor and donor beads are 
brought into close proximity. When a laser is applied to this 
complex, ambient oxygen is converted to singlet oxygen by 
the donor beads and an energy transfer to the acceptor beads 
occurs, resulting in the production of luminescence that is 
measured in a plate reader. ABP 654 binds to IL-23-His/IL-
12-His and prevents it from binding to the IL-12-R-biotin, 
thereby decreasing the luminescence output in a dose-depend-
ent manner. The test sample dose-response curve is fitted to a 
4-parameter logistical equation and the relative activity of the 
sample was compared with that of the reference standard. Each 
test sample response is compared with the reference standard.

2.2.3  Lack of Binding to Receptor‑Bound IL‑23 or IL‑12 
on the Cell Surface

Cells expressing the IL-23/IL-12 receptor, which are the 
same cells as used in the respective signaling assays, were 
pre-incubated with IL-23/IL-12 to allow association with 
the receptor. ABP 654 or ustekinumab RP were then added 
to examine lack of binding to the ligand-receptor complex 
using flow cytometric analysis. Phycoerythrin (PE)-labeled 
goat anti-mouse IgG or mouse anti-human IgG were added 
to detect antibody binding to pre-bound IL-23. A non-neu-
tralizing antibody against the p40 subunit of IL-23/IL-12 
was used as a positive control.

2.2.4  IL‑23 and IL‑12 Binding Kinetics and Affinity

Samples were tested for binding to IL-12 and IL-23 using 
a surface plasmon resonance (SPR) Biacore T200 optical 
biosensor. In brief, an anti-human Fc antibody was coupled 
to a flow cell and used to immobilize test samples. Recom-
binant human IL-23/IL-12 at various concentrations were 
injected over the captured antibody surfaces as well as a 
negative control reference surface. Kinetic binding data were 
globally fit using a 1:1 binding model to determine the asso-
ciation rate and dissociation rate constants (ka and kd), and 
the equilibrium dissociation binding constant (KD) for both 
IL-23 and IL-12.
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2.2.5  Binding Specificity Against Cytokines Related 
to IL‑23/IL‑12

The IL-23/IL-12 binding specificity was characterized for 
ABP 654 and ustekinumab RP using a Biacore T200 opti-
cal biosensor. IL-23 cytokine family members IL-6, IL-35, 
and IL-39 were immobilized on a flow cell. The flow cells 
were injected with test samples and positive control antibod-
ies anti-IL-6, anti-IL-35 (p35 subunit), and anti-IL-39 (p19 
subunit), and assessed for reactivity.

2.2.6  Neonatal Fc Receptor Binding

Samples were tested using a bead-based amplified lumines-
cent proximity homogeneous assay. The acceptor beads are 
coated with IgG. The donor beads are coated with a hydrogel 
that contains phthalocyanine, a photosensitizer, and strepta-
vidin, which binds to biotinylated human neonatal Fc recep-
tor (FcRn). When IgG is coated on the acceptor beads and 
binds to the biotinylated FcRn on the donor beads, it brings 
the acceptor and donor beads into close proximity. When 
ABP 654 is present at sufficient concentrations to inhibit 
the binding of IgG to the biotinylated FcRn at pH 6.0, a 
dose-dependent decrease in luminescence is observed. The 
test sample dose-response curve is fitted to a 4-parameter 
logistical equation and the relative activity of the sample was 
compared with that of the reference standard.

2.2.7  Fc Gamma Receptor (FcγR) Type Ia, IIa, IIb, IIIb 
Binding

The relative binding to Fc gamma receptor type Ia (FcγRIa), 
IIa (FcγRIIa), IIb (FcγRIIb), and IIIb (FcγRIIIb) was charac-
terized by SPR using a Biacore T200 optical biosensor and 
an anti-histidine (anti-His) capture assay. In brief, an anti-
His antibody was coupled to the flow cell, followed by the 
capture of recombinant human FcγRIa-His, FcγRIIa (131R)-
His, FcγRIIb-His, and FcγRIIIb-His. Multiple sample con-
centrations were injected over the captured FcγR surfaces. 
Binding data were globally fit using the 1:1 binding model 
to determine the equilibrium KD for each concentration 
sample. The percentage relative affinity was determined by 
comparing the KD of each sample with that of the reference 
standard.

2.2.8  FcγR Type IIIa Binding

An SPR-based assay was used to evaluate the relative 
binding of FcγR type IIIa (FcγRIIIa) to the Fc domain of 
ABP 654 and ustekinumab RP using the high-affinity vari-
ant of FcγRIIIa, FcγRIIIa (158V). In this assay, FcγRIIIa 
was covalently immobilized on the sensor chip and samples 

were injected over the chip. Binding of ABP 654 or usteki-
numab RP over a concentration range was measured. The 
relative binding was determined by measuring the binding 
response near the end of injection for each concentration of 
each sample dilution series, in duplicate. The test sample 
dose-response curve was fitted to a 4-parameter logistical 
equation and the relative activity of the sample was com-
pared with that of the reference standard.

2.2.9  First Sub‑Component of Complement Binding

A  direct binding enzyme-linked immunosorbent assay 
(ELISA) method was developed to assess the binding of 
the Fc domain of the samples to the first sub-component 
of complement (C1q). Sample dilution series is adsorbed 
to a microtiter plate and probed with C1q. Bound C1q is 
detected with an anti-C1q-horseradish peroxidase (HRP) 
conjugated antibody. HRP activity is then detected using 
a colorimetric substrate, 3,3′,5,5′-tetramethylbenzidine, of 
the HRP enzyme. The reaction is stopped and the amount of 
colorimetric product is quantified by light absorbance. Each 
sample is compared with the reference standard.

2.2.10  Lack of Antibody‑Dependent Cell‑Mediated 
Cytotoxicity Activity

Antibody-dependent cell-mediated cytotoxicity (ADCC) 
activity was evaluated using the DiscoverX KiLR system, 
which employed U937 cells expressing membrane-asso-
ciated IL-12 [15] as target cells and CD16a (FcγRIIIa) 
cytotoxic T-lymphocytes engineered to express CD16a 
(FcγRIIIa) as effector cells. ADCC activity was assessed 
by incubating interferon (IFN)-γ-stimulated U937 cells with 
multiple concentrations of test sample together with the 
KiLR CD16a effector cells at various effector-to-target cell 
ratios. A positive control antibody (anti-β2 microglobulin), 
which binds to the β2 microglobulin receptor on the surface 
of the U937 cells, was used as a positive control.

2.2.11  Lack of Complement‑Dependent Cytotoxicity 
Activity

Complement-dependent cytotoxicity (CDC) activity was 
evaluated using U937 cells expressing membrane-associated 
IL-12 [15] as target cells and rabbit serum. CDC activity was 
determined by incubating IFN-γ-stimulated U937 cells with 
multiple concentrations of sample together with multiple 
concentrations of rabbit serum that provide a suitable level 
of target death. Changes in cell-based luminescence was 
used as a read out. A positive control consisting of a combi-
nation of anti-β2-microglobulin, anti-CD55, and anti-CD59 
antibodies, which binds to the surface of U937 cells, was 
used to demonstrate CDC in the presence of rabbit serum.
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2.2.12  Lack of Antibody‑Dependent Cellular Phagocytosis 
Activity

Antibody-dependent cellular phagocytosis (ADCP) activ-
ity was evaluated using U937 cells expressing membrane-
associated IL-12 [15] as target cells and human monocyte 
effector cells (CD14+, IL-2-stimulated). ADCP activity 
was determined by incubating IFN-γ-stimulated U937 
cells with multiple concentrations of sample together with 
monocyte effector cells, at multiple effector-to-target cell 
ratios that would provide a suitable level of target death. 
A positive control molecule (anti-human leukocyte antigen 
[anti-HLA]), which binds to the surface of monocyte effec-
tor cells, was used to demonstrate ADCP in the presence of 
monocyte effector cells.

3  Results

The methods used for the analytical similarity assessment 
were selected based on knowledge regarding the structure, 
function, and heterogeneity of ABP 654 and ustekinumab 
RP, including those characteristics critical to the biological 
activity and stability of the product. The testing plan shown 
in Table 1 is organized into seven categories: general prop-
erties, primary structure, higher-order structure, product-
related substances and impurities, particles and aggregates, 
biological activity, and thermal stability and degradation 
studies.

The methods were appropriately qualified to confirm they 
were fit for purpose. The results for select physicochemical 
assays are shown in Table 2, and the results for all biologi-
cal activity assays are displayed in Table 3. Altogether, the 
results allow a meaningful and comprehensive assessment 
that increases the confidence that ABP 654 and ustekinumab 
RP are analytically similar.

3.1  Structural Properties

3.1.1  Comparison of Amino Acid Sequence by Reduced 
Peptide Map

Amino acid sequence was assessed using reduced peptide 
map analysis, including trypsin digestion of samples fol-
lowed by LC–UV–MS/MS analysis. The observed tryptic 
peptide masses for ABP 654 and ustekinumab RP are as 
expected and within 100 ppm of their theoretical masses 
(data not shown). The tryptic peptide map chromatograms 
for the side-by-side comparison of ABP 654, ustekinumab 
(US), and ustekinumab (EU) are shown in Fig. 1. The pep-
tide map profiles for both products are visually similar 
with minor differences primarily attributed to glycosyla-
tion profile and C-terminal lysine level differences due to 

the different cell lines used to manufacture ABP 654 and 
ustekinumab RP. However, the difference of CHO-derived 
N-acetylneuraminic acid (NANA)-containing glycans in 
ABP 654 and Sp2/0-derived N-glycolylneuraminic acid 
(NGNA)-containing glycans in ustekinumab RP is not 
expected to have clinical efficacy concerns as no difference 
in biological activity for the key mechanism of action of the 
three products was observed (Table 3), including fractions 
enriched for sialic acid-containing species from the three 
products (data not shown). Additionally, levels of identified 
post-translational modifications were compared between 
ABP 654 and ustekinumab RP. Overall, the observed chemi-
cal modification levels are very low and similar between 
ABP 654 and ustekinumab RP (data not shown). Moreover, 
ABP 654 has a lower level of C-terminal lysine compared 
with ustekinumab (EU) and is not considered clinically 
meaningful (see the Charge Variants section for further 
details).

3.1.2  Glycan Map and Sialic Acid Linkage

ABP 654 and ustekinumab RP are glycosylated IgG1 pro-
teins, and each heavy chain (HC) of ABP 654 and usteki-
numab RP contains 1 N-glycosylation site at  N299 on the Fc 
domain. Ustekinumab RP is expressed in a murine mouse 
myeloma Sp2/0 cell line system [4], whereas ABP 654 is 
expressed in a CHO cell line system glyco-engineered to 
enhance biosimilarity to ustekinumab RP, with regard to the 
sialic acid linkages. A side-by-side glycan map analysis was 
performed comparing ABP 654 and ustekinumab RP. The 
glycan map chromatograms for ABP 654, ustekinumab (US), 
and ustekinumab (EU) lots are shown in Fig. 2. Identifica-
tions of individual glycans are shown in Fig. 2, and a glycan 
key is provided in Table 4. The most abundant glycan spe-
cies in ABP 654, ustekinumab (EU), and ustekinumab (US) 
are bi-antennary complex structures with 0, 1, or 2 sialic 
acids (data not shown). The glycan map profiles of ABP 654 
and ustekinumab RP are visually similar, with some new 
and missing species detected for ABP 654 compared with 
ustekinumab RP (Fig. 2), which is due to the differences in 
NANA-containing glycans for ABP 654 and NGNA-contain-
ing glycans for ustekinumab RP resulting from the difference 
in the production cell line. The different sialic acids, NANA 
versus NGNA, in ABP 654 and ustekinumab RP are not 
expected to impact clinical safety and efficacy.

Human serum IgGs contain NANA attached to a terminal 
galactose through an α-2,3 or α-2,6 linkage. CHO-derived 
glycoproteins exhibit complex glycan structures with termi-
nal NANA through α2,3 linkages, while murine cell lines, 
such as Sp2/0, express glycoproteins with terminal NGNA 
through α2,6 linkages. The ABP 654-expressing CHO cell 
line was glyco-engineered to be similar to ustekinumab RP 
for the level of sialylation and type of linkage. To assess 
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Table 1  Similarity testing plan and the analytical methods used for the structural and functional characterization of the proposed biosimilar 
ABP 654 and ustekinumab RP

ADCC antibody-dependent cell-mediated cytotoxicity, ADCP antibody-dependent cellular phagocytosis, AUC-SV analytical ultracentrifugation 
sedimentation velocity, CDC complement-dependent cytotoxicity, CEX-HPLC cation exchange high-performance liquid chromatography, C1q 
the first subcomponent of the C1 complex of the classical pathway of complement activation, DLS dynamic light scattering, DSC differential 
scanning calorimetry, ELISA enzyme-linked immunosorbent assay, ESI–TOF–MS electrospray ionization time-of-flight mass spectrometry, FcR 
fragment crystallizable receptor, FcγR Fc gamma receptor, FcγRIa FcγR type Ia, FcγRIIa FcγR type IIa, FcγRIIb FcγR type IIb, FcγRIIIa FcγR 
type IIIa, FcγRIIIb FcγR type IIIb, FcRn neonatal Fc receptor, FTIR Fourier-transform infrared spectroscopy, HC heavy chain, HIAC high accu-
racy light obscuration, HILIC hydrophilic interaction liquid chromatography, HPLC high-performance liquid chromatography, IL interleukin, LC 
light chain, LC–MS/MS liquid chromatography tandem mass spectrometry, MFI micro-flow imaging, nrCE-SDS non-reduced capillary electro-
phoresis—sodium dodecyl sulfate, rCE-SDS reduced capillary electrophoresis—sodium dodecyl sulfate, RP reference product, SE-HPLC–LS 
size exclusion high-performance liquid chromatography with light scattering, SE-UHPLC size exclusion ultra-high-performance liquid chroma-
tography, SPR surface plasmon resonance, UV ultraviolet, UV-CD ultraviolet circular dichroism

Category Attributes and analytical techniques

General properties Protein concentration by UV absorbance
Deliverable volume by gravimetric analysis and density

Primary structure and post-translational modifications Intact molecular mass by ESI–TOF–MS
Reduced and deglycosylated molecular mass of HC and LC by ESI–TOF–MS
Protein sequence by reduced peptide map by LC–MS/MS
Post-translational modifications by reduced peptide map
Disulfide structure by nonreduced peptide map by LC–MS/MS
Free sulfhydryl by Ellman’s reagent
Glycan map by HILIC
Extinction coefficient by amino acid analysis/UV spectroscopy
Isoelectric point by capillary isoelectric focusing
Identity by ELISA

Higher-order structure Secondary structure by FTIR spectroscopy
Tertiary structure by near UV-CD spectroscopy
Thermal stability by DSC

Product-related substances and impurities Size variants by SE-UHPLC, rCE-SDS, and nrCE-SDS
Charge variants by CEX-HPLC and CEX-HPLC after carboxypeptidase B treatment ± 

PNGase F
Particles and aggregates Subvisible particles by HIAC and MFI

Submicron particles by DLS
Solution state size distribution by AUC-SV
Molar mass determination by SE-HPLC–LS

Biological activity Inhibition of IL-23-mediated signaling by reporter bioassay
IL-23 receptor ligand binding by bead-based luminescence proximity assay
Lack of binding to receptor bound IL-23 on cell surface
IL-23 binding kinetics and affinity by SPR
Inhibition of IL-12-mediated signaling by reporter bioassay
IL-12 receptor ligand binding by bead-based luminescence proximity assay
Lack of binding to receptor bound IL-12 on cell surface
IL-12 binding kinetics and affinity by SPR
Binding specificity against cytokines related to IL-23/IL-12 by SPR
FcRn binding by bead-based luminescence proximity assay
FcγRIa binding by SPR
FcγRIIa binding by SPR
FcγRIIb binding by SPR
FcγRIIIb binding by SPR
FcγRIIIa binding by SPR
C1q binding by ELISA
Lack of ADCC activity in U937 with KILR CD16a effector cells
Lack of CDC activity in U937 cells with rabbit serum
Lack of ADCP activity in U937 cells with CD14+ cells

Thermal stability and forced degradation Thermal accelerated and stressed stability, and thermal and light forced degradation 
studies assessed by purity and potency assays
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the sialic acid linkage type, ABP 654 and ustekinumab RP 
were subjected to a sialic acid linkage analysis. Figure 3a 
shows profiles of ABP 654 released N-glycans analyzed by 
HILIC (glycan map) for total glycans and sialidase-treated 
glycans. Among the two sialidases tested, neuraminidase 
Sp specifically removes sialic acid with α2,3 linkages, and 
neuraminidase Au removes sialic acid with all possible link-
ages (α2-3,6,8,9 linkages). We found that all ABP 654 sialyl 
glycan peaks are no longer detected after neuraminidase Au 

treatment, and only A2G2S2F (α2,3 and α2,6 linked) is no 
longer observed after neuraminidase Sp treatment, indicat-
ing all the other sialyl glycans in ABP 654 are α2,6 linked. 
Linkages of α2,8 and α2,9 only appear in glycans containing 
sialic acid-sialic acid motifs, which are not observed in the 
products analyzed in this work. Figure 3b, c show glycan 
profiles for total glycans and sialidase-treated glycans for 
ustekinumab (US and EU, respectively). Both products show 
very similar results, where all sialyl glycan peaks are no 

Table 2  Summary of select physicochemical attribute results from the analytical similarity assessment of ABP 654 and ustekinumab (US and 
EU)

AUC-SV analytical ultracentrifugation sedimentation velocity, CEX-HPLC cation exchange high-performance liquid chromatography, DSC dif-
ferential scanning calorimetry, FTIR Fourier-transform infrared spectroscopy, HMW high molecular weight, MW molecular weight, n number of 
lots tested, NA not available, nrCE-SDS non-reduced capillary electrophoresis—sodium dodecyl sulfate, PFS prefilled syringe, Tm thermal tran-
sition temperature, rCE-SDS reduced capillary electrophoresis—sodium dodecyl sulfate, RP reference product, SE-UHPLC size-exclusion ultra-
high-performance liquid chromatography, SE-HPLC–LS size exclusion high-performance liquid chromatography with light scattering, usteki-
numab (EU) European Union-authorized ustekinumab, UV-CD ultraviolet circular dichroism, ustekinumab (US) United States Food and Drug 
Administration-licensed ustekinumab
a 130 mg vial results included with PFS and 45 mg vial ustekinumab results
b PFS, 45 mg vial, and/or drug substance
c Age-adjusted

Analytical testing/attributes ABP 654 [range (n)] Ustekinumab US [range (n)] Ustekinumab EU [range (n)]

Glycan map (%)a

 High mannose
 Sialylation
 Afucosylation
 β-Galactosylation
 α-Galactosylation

2.0–3.7 (22)
22.3–29.5 (22)
1.2–2.2 (22)
54.1–58.8 (22)
NA

0.7–1.8 (27)
8.5–24.8 (27)
3.7–4.8 (27)
19.2–56.5 (27)
0.4–4.9 (27)

0.7–1.2 (40)
16.7–26.4 (40)
3.2–5.1 (40)
47.9–54.1 (40)
1.3–4.9 (40)

FTIR/spectral similarity (%)b

 US RP as standard
 EU RP as standard

98.47–99.96 (6)
99.18–99.94 (6)

98.69–100.00 (6)
98.59–99.96 (6)

98.59–99.96 (6)
99.20–100.00 (6)

Near UV-CD/spectral similarity (%)b

 US RP as standard
 EU RP as standard

97.21–98.52 (6)
97.00–98.84 (6)

97.19–100.00 (6)
96.96–98.53 (6)

96.94–98.53 (6)
95.95–100.00 (6)

DSC (°C)b

 Tm1
 Tm2

75.1–75.2 (6)
84.5–84.6 (6)

75.1–75.2 (6)
84.3–84.4 (6)

75.1–75.2 (6)
84.4–84.5 (6)

Size variants by SE-UHPLC (%)b,c

 HMW 0.5–0.8 (22) 0.3–0.5 (22) 0.3–0.4 (33)
Size variants by rCE-SDSb

 Heavy chain + light  chainc

  Fragmentsc

 Non-glycosylated heavy chain

97.8–98.8 (22)
0.4–0.9 (22)
0.4–0.5 (22)

98.6–99.3 (22)
0.2–0.7 (22)
0.2–0.3 (22)

98.3–99.3 (33)
0.2–0.7 (33)
0.2–0.3 (33)

Size variants by nrCE-SDSb,c

 Main peak
 Pre-peaks

96.4–97.8 (22)
2.0–3.4 (22)

98.3–99.0 (22)
1.0–1.6 (22)

98.0–98.8 (33)
1.2–1.7 (33)

Charge variants by CEX-HPLCb

 Acidic peaks
 Main peak
 Basic peaks

46.3–56.4 (22)
41.2–47.2 (22)
2.3–6.5 (22)

14.8–27.5 (22)
30.1–47.6 (22)
34.3–46.3 (22)

23.0–27.0 (33)
28.7–42.0 (33)
34.1–46.3 (33)

AUC-SV monomer (%)b 98.1–99.4 (6) 98.5–99.6 (6) 98.8–99.5 (6)
SE-HPLC–LS MW (kDa)b

 Monomer
 HMW

144–147 (6)
282–312 (6)

144–147 (6)
286–312 (6)

144–147 (6)
282–340 (6)
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longer detected after neuraminidase Au treatment, and only 
A2G2Sg2Fa is no longer observed after neuraminidase Sp 
treatment, indicating all other sialyl glycans are α2,6 linked. 
Overall, these results confirm that the majority of the sia-
lylated glycans for both ABP 654 and ustekinumab (US and 
EU) contain the α2,6-linked sialic acid.

In total, glycan mapping by HILIC was performed on 
22 ABP 654 lots, 27 ustekinumab (US) lots, and 40 usteki-
numab (EU) lots. As part of the glycan map analysis, identi-
fied individual glycans were quantified and compiled into 
multiple glycan groups according to their potential biologi-
cal relevancy for the similarity assessment.

The following glycan groups were evaluated as part of 
the similarity assessment, based on their potential to impact 
pharmacokinetics (PK) and/or effector functions: high 
mannose, sialylation, afucosylation, β-galactosylation, and 
α-galactosylation (Table 2). For high mannose glycans, 
small differences in levels (approximately 2%) [Table 2 and 
Online Resource 1) were observed between ABP 654 and 
ustekinumab RP; however, these minor differences did not 
have a clinically meaningful impact on PK based on clini-
cal results [16]. ABP 654 was observed to have lower levels 
of afucosylation compared with ustekinumab RP (approxi-
mately 3%) [Table 2 and Online Resource 2]. The lower 

level of afucosylation in ABP 654 likely accounts for the 
lower FcγRIIIa binding activity (Table 3) but is not consid-
ered to have a clinically meaningful impact as ABP 654 and 
ustekinumab RP do not elicit effector functions (Table 3).

The three earliest ustekinumab (US) lots by expiration 
date were observed to have significantly lower levels of 
β-galactosylation and sialylation compared with all other US 
lots and all ustekinumab (EU) lots, which suggests a process 
change by the manufacturer. Thus, the minimum–maximum 
ranges for these glycan groups were significantly larger for 
the ustekinumab (US) lots compared with the ustekinumab 
(EU) lots. For β-galactosylation, the differences in levels 
were approximately 5% (Table 2 and Online Resource 3) 
for ABP 654 compared with ustekinumab (US and EU), 
not considering the first three US lots. The slightly higher 
level of β-galactosylation present in ABP 654 had no effect 
on biological activity, as the C1q-binding activity is simi-
lar and ustekinumab RP is shown to lack CDC activity 
(Table 3). Therefore, the difference in β-galactosylation is 
not expected to be clinically meaningful. For sialylation, 
the difference in levels was approximately 4% (Table 2 and 
Online Resource 4) between ABP 654 and ustekinumab 
(US and EU), not considering the first three US lots. The 
slightly higher level of sialylation present in ABP 654 is 

Table 3  Summary of biological activity results from the analytical similarity assessment of ABP 654 and ustekinumab (US and EU)

ADCC antibody-dependent cell-mediated cytotoxicity, ADCP antibody-dependent cellular phagocytosis, C1q the first subcomponent of the C1 
complex of the classical pathway of complement activation, CDC complement-dependent cytotoxicity, EU European Union, FcRn neonatal Fc 
receptor, FcγR Fc gamma receptor, FcγRIa FcγR type Ia, FcγRIIa FcγR type IIa, FcγRIIb FcγR type IIb, FcγRIIIb FcγR type IIIb, IL interleukin, 
n number of lots tested, PFS prefilled syringe, US United States
a 130 mg vial results included with PFS and 45 mg vial ustekinumab results

Analytical testing/attribute ABP 654 [range (n)] Ustekinumab US [range 
(n)]

Ustekinumab 
EU [range (n)]

Inhibition of IL-23-mediated signaling (%)a 89–116 (22) 83–129 (16) 94–124 (31)
IL-23 receptor-ligand binding (%)a 88–120 (22) 86–120 (16) 85–124 (31)
Lack of binding to receptor bound IL-23 on cell surface No binding (1) No binding (1) No binding (1)
IL-23 binding kinetics and affinity (KD, pM) 103–104 (3) 90–95 (3) 95–99 (3)
Inhibition of IL-12-mediated signaling (%)a 86–120 (22) 86–121 (15) 91–123 (31)
IL-12 receptor-ligand binding (%)a 95–115 (22) 98–122 (15) 94–114 (31)
Lack of binding to receptor-bound IL-12 on cell surface No binding (1) No binding (1) No binding (1)
IL-12 binding kinetics and affinity (KD, pM) 61–62 (3) 61–62 (3) 60 (3)
Binding specificity against cytokines related to IL-23/IL-12 No binding (1) No binding (1) No binding (1)
Binding to FcRn (%)a 87–112 (22) 78–106 (18) 94–108 (33)
Lack of ADCC activity No activity (1) No activity (1) No activity (1)
FcγRIIIa binding (%) 74–109 (22) 120–151 (7) 115–158 (23)
Lack of CDC activity No activity (1) No activity (1) No activity (1)
C1q binding (%)a 91–110 (21) 92–115 (10) 86–107 (27)
Lack of ADCP activity No activity (1) No activity (1) No activity (1)
FcγRIa binding (%) 101–111 (3) 104–110 (3) 100–108 (3)
FcγRIIa binding (%) 98–103 (3) 87–114 (3) 100–106 (3)
FcγRIIb binding (%) 95–100 (3) 84–104 (3) 96–105 (3)
FcγRIIIb binding (%) 101–109 (3) 104–133 (3) 116–127 (3)
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Fig. 1  Amino acid sequence by 
reduced peptide map assessment 
of ABP 654 and ustekinumab 
(US and EU). a 3-60 mins. b 
60-120 mins. EU European 
Union, US United States

Fig. 2  N-glycan map by HILIC assessment of ABP 654 and ustekinumab (US and EU). EU European Union, HILIC hydrophilic interaction liq-
uid chromatography, US United States
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not considered clinically meaningful since no difference in 
biological activity for the key mechanism of action of the 
three products was observed (Table 3).

ABP 654 does not contain α-galactosylated glycans. 
Therefore, ABP 654 is not compared with ustekinumab 
RP for α-galactosylation. Given the low levels (≤ 5%) of 
α-galactosylated glycans seen in ustekinumab RP (Table 2 
and Online Resource 5), the lack of α-galactosylation in 
ABP 654 is not considered to be clinically meaningful.

3.1.3  Size and Charge Variants

Product-related substances and impurities of ABP 654 and 
ustekinumab RP were assessed using a combination of meth-
ods that evaluated size and charge variants. Size variants 
were assessed by SE-UHPLC, reduced capillary electropho-
resis sodium dodecyl sulfate (rCE-SDS), and non-reduced 
capillary electrophoresis sodium dodecyl sulfate (nrCE-
SDS), and charge variants were assessed by cation exchange 
high-performance liquid chromatography (CEX-HPLC). 
This similarity assessment includes the PFS presentations, 
45 mg vial presentation, and drug substance lots, since they 
share a common protein concentration and formulation; the 
130 mg vial presentation is not included in this assessment 
since the different protein concentration and formulation 
impacted the size variant stability profiles (data not shown). 
While the changes in the drug product manufacturing pro-
cess, container closure system, and formulation were not 
expected to have an impact on the charge variants, the 130 
mg vial presentation is not included in this assessment for 
charge variants.

A side-by-side SE-UHPLC analysis was carried out on 
ABP 654 and ustekinumab RP, and the profile comparison 
is presented in Fig. 4a. The SE-UHPLC profiles are visually 
similar with no new or missing peaks observed for ABP 654 
as compared with ustekinumab RP. In total, SE-UHPLC 
was performed on 22 ABP 654, 22 ustekinumab (US), and 
33 ustekinumab (EU) lots. Generally, the ABP 654 lots are 
above the ustekinumab RP range for levels of HMW, but the 

difference is < 0.5% (Table 2). The majority of ABP 654 
HMW species is in the form of dimer (SE-HPLC–LS results) 
[Table 2], which is not likely to be immunogenic. Addition-
ally, no differences between ABP 654 and ustekinumab RP 
were observed in the biological activity related to the mecha-
nism of action (Table 3). Therefore, these minor differences 
(< 0.5%) in levels of SE-UHPLC HMW between ABP 654 
and ustekinumab are not considered clinically meaningful.

A side-by-side rCE-SDS analysis was carried out on 
ABP 654 and ustekinumab RP, and the profile comparison 
is presented in Fig. 4b. The rCE-SDS profiles are visu-
ally similar across the two products with no new or miss-
ing peaks observed at >0.5% for ABP 654 as compared 
with ustekinumab RP. In total, rCE-SDS was performed 
on 22  ABP  654, 22  ustekinumab (US), and 33  usteki-
numab (EU) lots. Generally, minor differences (< 1%) were 
observed in the HC + LC, fragments, and non-glycosylated 
HC (NGHC) levels between ABP 654 and ustekinumab 
(Table 2). The slightly lower levels of HC + LC in ABP 654 
is primarily due to slightly higher levels of NGHC. These 
minor differences do not impact biological function related 
to the mechanism of action (Table 3) and therefore are not 
considered clinically meaningful.

A side-by-side nrCE-SDS analysis was carried out on 
ABP 654 and ustekinumab RP, and the profile comparison 
is presented in Fig. 4c. The nrCE-SDS profiles are visu-
ally similar across the two products with no new or missing 
peaks observed for ABP 654 as compared with ustekinumab 
RP. In total, nrCE-SDS was performed on 22 ABP 654, 
22 ustekinumab (US), and 33 ustekinumab (EU) lots. Minor 
differences were observed in the main peak and pre-peak 
levels between ABP 654 and ustekinumab RP. The slightly 
lower levels of main peak in ABP 654 are primarily due 
to slightly higher levels (< 2% difference) of pre-peaks 
(Table 2). Most pre-peak species represent properly assem-
bled antibodies with one or more broken interchain disulfide 
bonds [17]. These species are known to convert in redox 
environments, such as those present in physiological condi-
tions, back to fully disulfide-linked antibodies [18]. In addi-
tion, this minor difference in pre-peaks has no impact on 
the biological activity related to the mechanism of action 
(Table 3) and is not considered clinically meaningful.

A side-by-side CEX-HPLC analysis was carried out on 
ABP 654 and ustekinumab RP, and the profile comparison 
is presented in Fig. 5a. The CEX-HPLC profiles are visually 
similar in the acidic and main peak regions and ABP 654 
shows a lower level of basic peaks primarily resulting 
from differences in levels of C-terminal lysine (see below); 
however, no new peaks were observed for all ABP 654 
lots compared with ustekinumab RP. In total, CEX-HPLC 
was performed on 22 ABP 654, 22 ustekinumab (US), and 
33 ustekinumab (EU) lots. ABP 654 has a lower level of 
basic peaks compared with ustekinumab RP, due to a lower 

Table 4  Glycan key for ABP 654 and ustekinumab RP comparisons

NANA N-acetylneuraminic acid, NGNA N-glycolylneuraminic acid, 
RP reference product

A1 = mono-antennary A2 = bi-antennary
a = a and b correspond to structural 

isoforms
b = a and b correspond to 

structural isoforms
F = core-fucosylated G0 = 0 terminal galactose
G1 = 1 terminal galactose G2 = 2 terminal galactose
Ga1 = 1 terminal alpha-gal M5 = penta-mannose
M6 = hexa-mannose S1 = 1 terminal NANA
S2 = 2 terminal NANA Sg1 = 1 terminal NGNA
Sg2 = 2 terminal NGNA
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level of unprocessed HC C-terminal lysine variants. Addi-
tionally, ABP 654 contains a higher level of acidic peaks 
compared with ustekinumab RP, due to a lower level of basic 
peaks and slightly higher level of sialic acid-containing spe-
cies in ABP 654 (Table 2). However, the differences between 
ABP 654 and ustekinumab RP in the levels of acidic and 
basic peaks are not considered clinically meaningful, based 
on charge variant fraction collection and biological activity 
assessment (data not shown).

The charge variants were further characterized by enzy-
matic treatment of the two products with carboxypeptidase 
B, with or without PNGase F, followed by CEX-HPLC 
analysis. Upon treatment with carboxypeptidase B, the 
levels of basic peaks between ABP 654 and ustekinumab 
(US and EU) are similar (Fig. 5b) with small differences in 
acidic peaks. The results demonstrate that the primary con-
tributor to the differences in CEX-HPLC basic peak levels 
of untreated samples is due to lower levels of C-terminal 
lysine in ABP 654. Differences in acidic species after treat-
ment with carboxypeptidase B is considered to be mostly 
due to charged (sialic acid-containing) glycans. As shown 
in Fig. 5c, upon treatment with PNGase F, the carboxypepti-
dase B-treated ABP 654 samples showed a similar level of 
acidic species compared with the equivalently treated usteki-
numab RP samples.

Overall, small differences between ABP 654 and usteki-
numab (US and EU) in the levels of size and charge variants, 
as well as glycans (Sect. 3.1.2), did not adversely impact 
comparative clinical studies in terms of PK [16], safety, 
and efficacy (data not shown). This finding is similar to 
the observation that several European Medicines Agency-
authorized biosimilars had small analytical differences com-
pared with the RP that did not result in clinically meaningful 
differences [19].

3.2  Biological Activity

The primary mechanism of action of ABP  654 and 
ustekinumab RP is through disruption of IL-23- and 

IL-12-mediated signaling and cytokine cascades, resulting 
in suppression of inflammation. The assays included in the 
biological activity similarity assessment were selected to 
interrogate a wide range of biological functions to assure 
that any minor biochemical variations would have no sig-
nificant impact on the biological performance of ABP 654 
as compared with ustekinumab RP.

Inhibition of IL-23-mediated signaling is a key com-
ponent of the primary mechanism of action for ABP 654. 
A cell-based bioassay was used to assess the ability of 
ABP 654 and ustekinumab RP to inhibit the binding of 
IL-23 to its heterodimeric receptor, preventing the induction 
of the STAT signaling pathway. This method was performed 
on 22  ABP  654, 16  ustekinumab (US), and 31  usteki-
numab (EU) lots. The range of ABP 654 and ustekinumab 
RP for relative percentage inhibition are shown in Table 3. 
The individual value plots for each product are displayed 
in Fig. 6a, and these results demonstrate that ABP 654 and 
ustekinumab RP are similar for inhibition of IL-23-mediated 
signaling.

IL-23 receptor-ligand binding is a key proximal compo-
nent of the primary mechanism of action for ABP 654. The 
IL-23 receptor-ligand binding by bead-based luminescence 
proximity assay was performed on 22 ABP 654, 16 usteki-
numab (US), and 31 ustekinumab (EU) lots. The range of 
ABP 654 and ustekinumab RP for relative percentage bind-
ing is shown in Table 3. The individual value plots for each 
product are displayed in Fig. 6b. These results demonstrate 
that ABP 654 and ustekinumab RP are similar for binding 
to IL-23.

Inhibition of IL-12-mediated signaling is also a key com-
ponent of the primary mechanism of action for ABP 654. 
A cell-based bioassay was used to assess the ability of 
ABP 654 and ustekinumab RP to inhibit the binding of 
IL-12 to its heterodimeric receptor, preventing the induction 
of the STAT signaling pathway. This method was performed 
on 22  ABP  654, 15  ustekinumab (US), and 31  usteki-
numab (EU) lots. The range of ABP 654 and ustekinumab 
RP for relative percentage inhibition is shown in Table 3. 
The individual value plots for each product are displayed 
in Fig. 6c. These results demonstrate that ABP 654 and 
ustekinumab RP are similar for inhibition of IL-12-mediated 
signaling.

IL-12 receptor-ligand binding is a key proximal compo-
nent of the primary mechanism of action for ABP 654. The 
IL-12 receptor-ligand binding by bead-based luminescence 
proximity assay was performed on 22 ABP 654, 15 usteki-
numab (US), and 31 ustekinumab (EU) lots. The range of 
ABP 654 and ustekinumab RP for relative percentage bind-
ing is shown in Table 3. The individual value plots for each 
product are displayed in Fig. 6d, and these results demon-
strate that ABP 654 and ustekinumab RP are similar for 
binding to IL-12.

Fig. 3  Sialic acid linkage analysis of ABP 654 and ustekinumab (US 
and EU). Released N-glycans were analyzed by HILIC (glycan map) 
with and without treatment by linkage-specific neuraminidases. a 
HILIC profiles of ABP  654 for total glycans (black trace) and gly-
cans after treatment with neuraminidase Au (specific for α2-3,6,8,9 
linkages, blue trace) and neuraminidase Sp (specific for α2,3 linkage, 
pink trace). b HILIC profiles of ustekinumab (US) for total glycans 
(black trace) and glycans after treatment with neuraminidase Au (spe-
cific for α2-3,6,8,9 linkages, blue trace) and neuraminidase Sp (spe-
cific for α2,3 linkage, pink trace). c HILIC profiles of ustekinumab 
(EU) for total glycans (black trace) and glycans after treatment with 
neuraminidase Au (specific for α2-3,6,8,9 linkages, blue trace) and 
neuraminidase Sp (specific for α2,3 linkages, pink trace). EU Euro-
pean Union, HILIC hydrophilic interaction liquid chromatography, 
US United States

◂
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Fig. 4  Size variant assessment 
of ABP 654 and ustekinumab 
(US and EU). a Side-by-side 
SE-UHPLC analysis. b Side-
by-side rCE-SDS analysis. 
c Side-by-side nrCE-SDS 
analysis. EU European Union, 
HC heavy chain, HMW high 
molecular weight, LC liquid 
chromatography, LMW low 
molecular weight, MMW mid 
molecular weight, NGHC non-
glycosylated heavy chain, US 
United States
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Fig. 5  Charge variant assess-
ment by CEX-HPLC of 
ABP 654 and ustekinumab (US 
and EU). a Untreated samples. 
b Carboxypeptidase B-treated 
samples. c Carboxypeptidase 
B-treated plus PNGase F-treated 
samples.  CEX-HPLC cation 
exchange high-performance 
liquid chromatography, EU 
European Union, US United 
States
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4  Discussion

This study was designed to evaluate the analytical similarity 
of the proposed biosimilar ABP 654 to ustekinumab (US) 
and ustekinumab (EU). A comprehensive set of comple-
mentary methods was used, including general properties, 
primary structure, higher-order structure, product-related 
substances and impurities, particles and aggregates, biologi-
cal activity, and thermal stability and degradation studies. 
There were some minor differences in physiochemical attrib-
utes observed between ABP 654 and ustekinumab RP, pri-
marily due to the different cell lines used between ABP 654 
and ustekinumab RP. However, results of the biological 
and functional assessments showed that these minor phys-
icochemical differences do not affect biological functions 
relevant to the mechanism of action of ABP 654 and usteki-
numab RP. The results also demonstrated that ustekinumab 
sourced from both the US and EU were analytically similar.

Results from reduced peptide mapping demonstrated 
that the amino acid sequence of ABP 654 was identical 
to that of ustekinumab RP. Chemical modifications were 
similar between ABP 654 and ustekinumab RP. Differences 
were observed for C-terminal lysine levels and for sialic 

acid-containing glycans, CHO-derived NANA-containing 
glycans in ABP 654 and Sp2/0-derived NGNA, and α-gal-
containing glycans in ustekinumab RP; however, these dif-
ferences are not expected to pose clinical safety or efficacy 
concerns. Small differences in glycan groups (high man-
nose, sialylation, afucosylation, β-galactosylation, and 
α-galactosylation) were observed between ABP 654 and 
ustekinumab RP. Altogether, the differences in glycan types 
and levels of glycan groups are not considered meaningful 
due to a lack of observable differences in biological activ-
ity for the key mechanism of action of the three products 
(Table 3), including fractions enriched in sialic acid-con-
taining species. Moreover, results from comparative clini-
cal studies demonstrated similarity of ABP 654 with usteki-
numab RP in terms of PK [16], safety, and efficacy (data not 
shown).

Product-related substances and impurities were assessed 
by methods that analyze size and charge variants. Size vari-
ants for ABP 654 and ustekinumab RP were considered 
similar, notwithstanding minor differences that are not con-
sidered clinically meaningful. Charge variants for ABP 654 
and ustekinumab RP were considered similar after exclud-
ing C-terminal lysine and glycans from the analyses. These 

Fig. 6  Primary mechanism of action assessment of ABP 654 and ustekinumab (US and EU). Individual lot results plotted along with the mean ± 
one SD.  EU European Union, IL interleukin, US United States
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differences are not expected to be clinically meaningful, as 
detailed above.

While ustekinumab RP binds to FcγR(s) and C1q, it is 
not expected to induce ADCC, ADCP, or CDC, since IL-23 
and IL-12 primarily exist as soluble secreted proteins. Addi-
tionally, ustekinumab RP does not bind to IL-23 and IL-12 
that is already bound to cell surface receptors, and there is 
no evidence that antibody Fc-mediated effector functions 
that result in cellular depletion (such as ADCC, ADCP, or 
CDC) occur or contribute to the mechanism of action of 
ustekinumab [1, 4, 20]. Based on comparative assessments 
of the biological activity of ABP 654 and ustekinumab RP, 
all biological activities relevant to the primary mechanism 
of action, including inhibition of IL-23-mediated signal-
ing, inhibition of IL-12-mediated signaling, IL-23 recep-
tor ligand binding, and IL-12 receptor ligand binding were 
found to be similar.

5  Conclusions

The purpose of this study was to assess analytical and 
functional similarity between the proposed biosimilar 
ABP 654 and ustekinumab RP sourced from the US and 
EU. Based on a comprehensive similarity assessment, 
ABP 654 was found to be analytically similar to usteki-
numab RP with respect to physicochemical and biologi-
cal properties, including structure, function, purity, and 
potency. The results also demonstrate that ustekinumab 
(US) is analytically similar to ustekinumab (EU). While 
there were some minor differences in ABP 654 compared 
with ustekinumab RP, these were not considered to be 
clinically meaningful and are unlikely to have an impact 
on PK, efficacy, or safety.
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