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METHODS FOR CHARACTERIZING PROTEIN COMPLEXES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims benefit of and priority to U.S. Provisional Patent Application Mo,

62/724,700 filed on August 30, 2018, which is incorperated by reference in ifs entirety.
TECHNICAL FIELD OF THE INVENTION

This Invention is generally related to systems and methods of characterizing protein
complexes.

BACKGROUND OF THE INVENTION

Monoclonal antibodies (mAbs) are a growing therapentic field, with over 50 monocional
aptibodies currently on the market. Combination therapy of more than one menoclonal antibody
has the potential to improve the efficacy of existing monotherapies. Certain soluble substances,
particularly multimeric substances with several repeated epitopes, may bind with two or more
antibodies, leading to the formation of large complexes, The production of large, heterogeneous
antibody complexes is referred to as “paper-dolling”. Large complexes of antibodies can be
rapidly eliminated by phagocytosis, leading to reduced efficacy of the antibody. Large protein
complexes can also increase immunogenicity of the mAb.

Protein complexes can range in size from nanometer to visible particles making their
characterization by a single analytical technique difficult. One of the most widespread
technigues used to determine the size of particles from ~1 nm to ~1 um is dynamic Hght
seattering (DL.S). DLE is an analytical technique used to determine protein size distribution
profile, and is amenable to high throughput applications (Zhou, M., et al,, ChemMedChem,
11:738-756 (2016)). The Brownian motion of proteins in solution causes light to be scatiered,
with the resuliant scaitered intensity fluctuations dependent on particle size, Thus, average
radius and the width of the distribution in terms of polydispersity can be determined. However,
DLS resulis are often biased towards larger particies and the particle populations must differ by a
factor of at least three to be resolved. Therefore, DILS alone s not sullicient for analyzing
protein complexes,

The bigh polvdispersity of many aggregate samples requires separation-based methods o
provide more detailed information due to the wide size range of protein complexes. Sive

-

exclusion chromatography (SEC)Y is currently the most commonly used chromatographic
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technique for protein separation {Brusotii, et al,, Chromatographia, 81:3-23 (2018}}. In SEC,
separation oceurs according to hydrodynamic voluroe or sive of molecules. Smaller molecules
are retained longer because they are able to diffuse into the pores of the stationary phase, while
larger molecules clute first becanse they are excluded from the pores. However, SEC 1s limited
by upper molecular weight exclusion limits, sample adsorption to the stationary phase, shear
degradation at high pressures and flow rates, and an inability to separate analytes based on
composition.

Flow field-flow fractionation (FF¥) i{s a promising alternative to SEC when it comes {0
separation of large proteins and high molar mass polymers. FFF sample separation uses a flow-
assisted separation and fractionation method in which the analyles are separated along a ribbon
itke channel by differences in their diffusion coefficients (Fraunhofer, W, and Winter, G., £ur. 4
Pharm. Biopharm, 58:369-383 (2004)). FFT can separate analytes in g wide size range (from
nanometers to microns). The open channel of FFF renders veduced sample loss, low pressures,
and low shear rates. While FFF has been used in combination with other molecular techniques
such as light scattering to detect protein aggregates, there is still a growing need to more fully
characterize heterogeneity and conformation of protein complexes, including mAb and soluble
higand complexes,

Therefore, it is an object of the invention to provide methods for identifving proten drug
products that have the ability to form large protein complexes,

it is another object of the invention to provide methods of identifying and characterizing
protein drug product and soluble ligand complexes,

SUMMARY OF THE INVENTION

Methods for characterizing profein complexes in a sample are provided. Oune
embodirnent provides a method for assessing the stoichiometry and size distribution of protein
complexes in a sample by fractionating the saraple by asymmetrical flow field flow fractiopation
{A4F), and determining the molar mass, stoichiometry, and size distribution of the protein
complexes in the sample using Multi-Angle Laser Light Scattering (MALLS). In some
embodiments, the protein complexes contain an antibody or fusion protein bound to its ligand.
The ligand is typically a soluble ligand. The ligand can be monomeric or multimeric. [nnone
embodiment the ligand can be a homodimer or heterodimer. In another ewbodiment the protein

complexes comprise or consiat of antibody:ligand complexes or fusion proteinidigand complexes.
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Another embodiment provides a method for selecting a lead protein drug product by
adding a first protein drug product 1o its target or igand to produce protein:ligand complexes,
and adding a second protein drug product to the first protein drug product:ligand complexes to

form multiple proteindigand complexes. The method includes separating the proteintligand

L5

complexes and determining the molar mass, stoichiometry, and size distribution of proteinligand

corpplexes using asymmetrical flow field flow fractionation— MALLS, The method also includes

selecting the protein drug product that forms fewer large proteimiligand complexes as the lead

target protein drug. Typically, the protein drag product is an antibody or antigen binding

fragment thereof, a fusion protein, or a recombinant protein. In some embodiments, the ligand is

10 asoluble ligand. The ligand can be monomeric or muliimeric. In some embodiments the large
protein complexes are heterometric,

Another embodiment provides a pharmaceutical composition containing the lead protein
drug product selected using the method described above.

in some embodiments, the disclosed methods can be used to determine if two individual

15  antibodies targeting the same ligand will form large, heterogeneous complexes.

St another embodiment provides a method for characterizing protein complexes formed
between protein drug products and soluble ligands by preparing a sample containing the protein
drug product and its ligand to produce protein drug product:ligand complexes. The method
inciudes fractionating the protein drugiligand complexes and analyzing the fractionated protein

20 drugligand complexes by multi-angle laser light scattering to determine the molar mass and
heterogensily of protein complexes. Inone embodiment, fractionating the total protein is
performed by asymmetrical flow field flow fractionation. The concentration of the protein is
determined with UV/Vis.

The differences in conformation of protein complexes formed by different protein drug

25 products to the same ligand can be determined by comparing the elution profile/time of protein
drug product:ligand complexes formed by the different protein drug products, Different elution
profiles/times of complexes with the same molar mass indicate that the complexes may have
different conformations or shapes. In one embodiment, each protein drog product and the same
soluble ligand is analyzed separately in order to caleulate a molar mass for each individual

30 component, wherein the molar mass of each component is used to determine the estimated

stotchiometry of said components in each protein complex.
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Another embeodiment provides a method for charactenzing protein complexes formed
between protein drug products and soluble ligands by fractionating protein drug product:ligand
complexes using asymmetrical flow-field flow fractionation, analyzing the fractionated protein
drug product:ligand complexes by multi-angle laser light scattering to characterize the molar
mass, stoichiometry, or both of protein drug:ligand complexes, and determining the
heterogeneity of the protein complexes by comparing the size of each protein complex to the
estimated size of each individual component (o determine the components that make up cach
complex.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is an ilustration of a complex formed between one antibody and one ligand.
Figure 1B is an illusiration of a complex formed between one antibody and two ligands. Figure
1C s an illustration of a complex formed between four antibodies and five ligands,
representative of “paper dolling”.

Figores 2A-2B are an illustration of a coraplex formed between antibody 1 (black), two
ligands, and aniibody 2 {(gray} in a nov-linear conformation. Figures 2C-2D are an illustration of
a cormuplex formed between antibody 1 {black), two ligands, and antibody 2 (gray) in a linear
conformation.

Figure 3A is a chromatogram from SEC-MALLS analysis of Abl, Protein X, and
combinations of Abl and Protein X ai molar ratios of 5:1, 111, and 1:5. The X axis represents
clution time {(minutes). The left Y axis represents molar mass {g/mol) and the right Y axis
represents absorbance at 280nm (AU}, Figore 3B is a fractogram frorn asymmetrical Hlow field
flow fractionation -MALLS (A4F-MALLS) analysis of combinations of Abl and Ab2 at molar
ratios of 5:1, 111, and 1.5, The X axis represents elation time (munutes). The left Y axis
represents molar mass {g/ruol). The vight Y axis represents absorbance at 215 noy (AU}

Figure 4A is a fractogram from A4F-MALLS analysis of lead compound A (Lead A),
Lead A+ Protein Y {1:3}, and Lead compound B (Lead B} + Protein Y (1:3). Fipwe 4B isa
fractogram from A4F-MALLS analysis of Lead A, Lead A + Protein Y (1:1), and Lead B+
Protein ¥ (1:1). Figure 4C is a fractogram from A4F-MALLS analysis of Lead A, Lead A +
Protein Y (3:1), and Lead B + Protein Y (3:1). The X axis represents time {minuvtes). The left ¥

axis represents molar mass {(g/mol) and the right Y axis represents absorbance at 215 mun (AU}
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Figure SA and 5B are line graphs of mouse anti-hwman antibody titer of anti-Protein Y
complexes with Lead A (Figure 5A) and Lead B (Figure 38). The X axis represents time (days)
and the Y axis represents concentration {pg/ml).

Figure 6A and 6B are Hne graphs showing percent hemolysis of rabbit red blood cells
with increasing concentrations of various anti-Protein Z mAbs (Figure 6A) or combinations of
AR3 and various anii-Protein Z mAbs (Figure 68). The X axis represents concentration of mAb
(Log [M1). The Y axis represents percent hemolysis.

Figure 7 is a fractogram from A4F-MALLS analysis of Free anti-Protein £ mAbl,
Protein Z, and 1uM:1uM combination of anti-Protein £ mADb] and Protein Z. The X axis
represents elution time (minuies). The left Y axis represents molar mass (g/mol) and the right ¥
axis represents ahsorbance at 215 nm (ALl

Figure 8 is a fractogram from A4F-MALLS analysis of Free mAb, LpMiipM
combination of anti-Protetn 7 mAbl and Protein 7, §.5uM:0.5ud1 uM combination of anti-
Protein 7 mAbl, anti-Protein Z mAbS, and Protein Z, and 0.5ud:0.5uM: 1 pM combination of
anti-Protein 7 mAbl, anti-Protein 2 mAb7, and Protein 7. The X axis represents elution time
{minutes). The left Y axis represents molar mass {g/mol) and the right Y axis represents
absorbance at 215 nm (AU}

Figure 9 is a fractogram from A4F-MALLS analysis of Free mAb combo, TuM:1pM
combination of anti-Protein 2 mAbl and Protein Z, 0.5uM:0.5uM: 1 pM combination of anti-
Protein 7 mAbl, anti-Protein 2 mAb3 combe, and Protein 7, and 0.5udu0. 5l uM
combination of anti-Protein Z mAbl, anii-Protein £ mAbS combo, and Protein 7 and
0.5uM:0.5uM: 1 uM combination of anti-Protein Z mAbS6, anti-Protein 2 mAb7, and Frotein £.
The X axis represents elution time (minutes). The left Y axis represents molar mass {g/mol) and
the right Y axis represents absorbance at 215 mm (AU},

Figure 10 is a fractogram from A4F-MALLS analysis of free mAb combo, 1pM:iipM
combination of anti-Protein Z raAbl and Protein £, 0.5uM:0.5uM:1 uM combination of anti-
Protein 7 mAbl, anti-Protein & mAbB2, and Protein Z, and 0.5uM:0.5uM:1 uM combivation of
anti-Protein 7 mAbl, COMPI mAb, and Protein 2. The X axis represents elution time
(rivutes). The left Y axis represents molar mass {g/mol) and the right Y axis represents

absorbance at 215 nm (ALY



LA

10

|

[\l
i

Figure 11 is a fractogram from A4F-MALLS analysis of Free mAb combo, fpM:ipM
combination of anti-Frotein Z mAb1 and Protein 2, 3.5aM:0.5uM: 1 uM combination of anti-
Protein 7 mADbL, anti-Protein 7 mAb4, and Protein Z. The X axis represents elution time
{minutes). The left Y axis represents molar wass (g/mol) and the right Y axis represents
absorbance at 215 nm (AL}

Figure 12ZA and 128 are fractograms from A4F-MALLS analysis of simulianeous
addition (Figure 12A) or sequential addition (Figure 12B) of 0.3pM:lnM:1pM anti-Protein 2
mAbLCOMP] mAbProtein 7, 1uM: 1M 1M anti-Frotein Z mAbLCOMPT mAb:Protein Z,
and 3pMi1uM M anti-Protein 2 mAbL:COMP] mAb:Protein Z. The X axis represents
elution time (minutes), The left Y axis represents molar mass {g/mol) and the right Y axis
represents absorbance at 215 ma (AU

Figure 13 {s a fractogram from A4F-MALLS analysis of a representative mAb, Protein
W, and combinations of mAb and Protein W at ratios of 1uM:1uM. The X axis represents
elution time (minutes). The left Y axis represents roolar mass {g/meol) and the right Y axis
represents absorbance at 215 mun (AU},

Figure 14 is g fractogram from A4F-MALLR analysis of a representative mAb, Protein
W, and cormbinations of mAbZ and Protein W, mADb3 and Protein W, and COMPT and Protein W
at ratios of TuM:IpM. The X axis represents chition time (minutes). The left Y axis represents
molar mass {g/mol) and the right Y axis represents absorbance at 218 am (AU}

Figure 15 is a fractogram from A4F-MALLS analysis of COMP2, Protein W, and
combinations of COMP2 and Protein W at ratios of TuM:1uM. The X axis represents elution
tiroe (minutes). The left ¥ axis represents molar mass {g/mol) and the vight Y axis represents
absorbance at 215 nm (AU}

Figure 16 is a fractogram from A4F-MALLS analysis of a representative mAb, Protein
W, and combinations of mAb4 and Protein W, and COMP3 and Protein W at ratios of
FuM:iuM. The X axis represents elution time (minutes). The left ¥ axis represents molar mass

{g/mol} and the right Y axis represenis absorbance at 215 s (AU}
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DETALED DESCRIPTION OF THE INVENTION
i Definitions

1t should be appreciated that this disclosure 1s not limited to the compositions and
methods described herein as well as the experimental conditions described, as such may vary. It
is also to be understood that the terminology used herein is tor the purpose of describing certain
embodimentis only, and is not intended to be Iimuting, since the scope of the present disclosure
will be limited only by the appended claims.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill 1n the art to whuch thas disclosure
belongs. Although any compositions, methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention. All publications
mentioned are incorporated herein by veference in their entirety.

The use of the terms "a," "an,” "the,” and similar referents in the context of describing the
presently claimed invention (especially in the context of the claims) are to be construed to cover
both the singular and the plural, unless otherwise indicated herein or clearly contradicted by
context.

Recitation of ranges of values herein are merely intended to serve as a shorthand method
of referring individoally to each separate valne falling within the range, unless otherwise
indicated herein, and each separate value i3 incorporated into the specification as it it were
individually recited herein.

tlse of the term "about” is infended {o describe values either above or below the stated
value in a range of approx. +/- 10%: in other embodiments the values may range in value either
ahove or below the stated value in a range of approx. +/- 3%, in other exobodiments the values
may range in value either above or below the stated value in a range of approx. +/- 2%; in other
emboditments the valnes may range in value either above or below the stated value in a range of
approx. +/- 1%, The preceding ranges are intended fo be made clear by context, and no further
limitation is iroplied. All methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by context, The use of any and all
examples, or exemplary language {e.g., "such as") provided herein, is intended merely to better

iftuminate the invention and does not pose a lirmitgtion on the scope of the mmvention unless
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otherwise claimed. Mo language in the specification should be construed as indicating any non-
claimed clement as essential to the practice of the wveotion,

“Protein” refers to a molecule comprising two or more amine acid residaes joined to gach
other by a peptide bond. Protein includes polypeptides and peptides and may also include
wodifications such as glveosylation, lipid attachment, sulfation, gamma-carboxyiation of
ghitamic acid residues, atkylation, hydroxyiation and ADP-ribosylation. Proteins can be of
scientific or commercial interest, including protein-based drugs, and proteins include, among
other things, enzymes, ligands, receptors, antibodies and chimeric or fusion proteins. Proteins
are produced by various types of recombinant cells using well-known cell culture methods, and
are generally introduced into the cell by genetic engineering technigues (e.g., such as a sequence
encoding a chimeric protein, or a codon-optimized sequence, an intronless sequence, eic.) where
it may reside as an episome or be intergrated into the genome of the cell.

“Antibody” refers to an invnunoglobulin yoolecule consisting of four polypeptide chains,
two heavy (H) chains and two Hght (1.} chains inter-connected by disulfide bonds. Each heavy
chain has 3 heavy chain variable region (HCVR or VH) and a heavy chain constant region. The
heavy chain constant region contains three domains, CHI, CHZ and CH3. Hach light chain has a
light chain variable region and a light chain constant region. The light chamn constant region
consists of one domain {CL). The VH and VL regions can be further subdivided into regions of
hypervariability, termed complementarity determining regions (CDR), interspersed with regions
that are more conserved, termed framework regions (FR). Fach VH and VL is composed of
three CDRs and four FRs, arranged from amino-terminus to carboxy-terminus in the following
order: FRI, CORI, FR2, CDR2, FR3, CDR3, FR4A, The term "antibody” includes reference 1o
both glveosylated and non-glycosylated bmmunoglobulins of any isotype or subclass. The term
"antibody" inclodes antibody molecules prepared, expressed, created or isolated by recombinant
means, such as antibodies isolated from a host cell transfected to express the antibody. The term
antibody also includes bispecific antibody, which includes a heterotetrameric immunoglobulin
that can bind to more than one different epitope. Bispecific autibodics are generally described in
US Patent No. 8,586,713, which is incorporated by reference into this application.

“Fe fusion proteins” comprise part or all of two or more proteins, one of which is an Fe
portion of an immunoglobulin rwolecule, which ave not otherwise found together in nature.

Preparation of fustion proteins comprising ceriain heterslogous polypeptides fused to various
i 5 &
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portions of antibody-derived polypeptides (including the Fe dornain) has been deseribed, e.g., by
Ashkenari et al., Proc. Natl, Acad. ScL USA 88: 10535, 1991; Byrn et al., Nature 344:677, 1990,
and Hollenbaugh et al,, "Constroction of Immunoglobulin Fusion Proteins”, in Current Protocols
in Immunology, Suppl. 4, pages 10.19.1 - 10.19.11, 1992, “Receptor Fe fusion proteins”
comprise one or more extracelular domain{s) of a receptor coupled to an Fo moiety, which in
some embodiments comprises a hinge region followed by a CHZ and CH3 domain of an
immunoglobulin. In some embodiments, the Fe-fusion protein comprises two or more distinet
receptor chains that bind to one or more ligand(s). For example, an Fe-fusion protein 1s a Trap,
such as for example an IL~1 Trap or VEGF Trap.

As used berein, “soluble ligand” refers to polar or charged ligands that cannot readily
cross the plasma membrane of a cell. Most soluble ligands bind to the extracellular domains of
cell-surface receptors.

“A4F” represents asymmetrical flow field-flow fractionation which is a fractionating
techunigque in which separation of analytes is achieved through the interaction of the sample with
an external, perpendicular physical field,

Muiti angle light scattering (MALS) describes a technique for measuring the light
scattered by a sample into a plurality of angles. 1t is used for determining both the absolute
molar mass and the average size of molecules in solution, by detecting how they scatter light.
Collimated light from a laser source is most often used, in which case the technigue can be
referred o as multi angle laser light scattering (MALLS). In practice the terrns MALS and
MALLS are used interchangeably.

As used herein, “Brownian motion” refers to the continuous motion of particles
suspended in lquid.

i Methods Far Characterizing Protein Complexes

Monoclonal antibody combination therapy has emerged as a promising therapeutic
strategy for diseases such as cancer and inflammatory conditions fn which multiple signaling
pathways are involved. In addition, administration of more than one monocional antibody
targeting the same pathway could be beneficial to completely block pathways involved in the
pathogenesis of diseases when monotherapy alone does pot Tully inhibit the pathway, However,
hinding of therapeutic mAbs 1o soluble, multimeric targets can lead (o the formation of large

heterogencous complexes. The size, shape, and conformation of a protein complex can affect

9
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immunogenicity and antibody clearance time, among other faciors. Analysis of protein
complexes is important to provide insight into the pharmacokinetics of a mAb during drug
development.

Therefore, methods and systems for charactenizing protein complexes are provided. One
embodiment provides a method for assessing the stoichiometry and size distribution of
heterogeneous protein drug product:ligand complexes in a sample by fractionating the sanuple
using asynumetrical fow field flow fractionation and detervaining the molar mass, stoichiometry,
and size distribution of heterogeneous protein complexes in the sample using multi-angle laser
iight scattering. The protein complexes typically are comprised of a protein that specifically
binds to & protein of interest also referred to as a target or Hgand. In one embodiment the protein
that specifically binds to the target is an antibody or fusion protein.

When an antibody or fusion protein is combined with Us target or ligand in vive or in
vitro, a heterogencous mixture of antibody:ligand or fusion protein:ligand can form. Inone
embodiment, binding of therapeutic proteins such as monoclonal antibodies {mAbs) or fuston
proteins io soluble, multimeric targets lead to large heterogeneous complexes or large
heteromeric complexes. For example, the large protein complexes can be characterized as a
protein complex with a protein:ligand ratio selected from the group consisting of 212, 2.3, 414,
6:6, or [2:2]n. Large heterogeneous complexes refer to complexes formed between multiple
multimeric ligand molecules and multiple protein drug product molecules. The term large
heteromeric complex refers to Hgand bound by two different protein drug products, for example
two different antibodies, two different fusion proteins, or an anlibody and a fuston protein
binding the same lgand at different sites.

Another embodiment provides a method of identifying protein drug products that form
large heterogencous complexes with soluble targets in vivo, in vitro, or both. The method
includes preparing a sample containing a protein drug product and its soluble ligand to produce
protein drug product:tigand complexes, fractionating the sample to separate the protein drug
product:ligand complexes and analyzing the {ractionated protein drug product:ligand complexes
by multi-angle laser Hght scatiering to determine the size and heterogeneily of protein
complexes. In ope embodiment, the protein sample is fractionated wsing asymmetrical flow
field-flow fractionation.

Further details of the disclosed methods and systeros are provided below.

i
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A, System for Characterizing Protein Complexes

In one embodiment, the system includes an asymmetrical flow field-tlow fractionation
{A4FY system and a multi-angle laser light scattering (MALLS) system. An example of a
commercially available A4F system is an Eclipse™ 3+ A4F Separation System. An example of
a cominercially available MALLS system is the Wyatt Technology Dawn HELEOS® H laser
light scattering instrament. The system typically inclades a UV/VIS detecior and/or a refractive
jndex detector. An exemplary commercially available UV/VIS detector is Agilent 1260 Infinity
UV detector. An exernplary commercially available refractive index detector 1s Optilab® TEX
refractive index detector. In one embodiment the A4F system inchudes an A4 short channel
fitted with a 350W spacer and & 4 kDa MWCO NADIR® hydrophilic PES (PESH) membrane,
In another embodiment, the A4F short channel is fitted with a 490W spacer and a 10kDs MWCO
Madir® regenerated celiulose membrane. Exewmplary mobile phases include 10 mM phosphate
and 500 mM NaCl at pH 7.0. However, an advaniage of A4F over column chromatography
separation is that there are no Hmitations on the type of wobile phase, or carrier flnd that can be
used. In one embodiment, the samples are separated using a linear gradient over 60 minutes, In
one embodiment, the channel flow and cross-flow program are apecifically optirized to achieve
a desired resolution on a case-by~-case basis. 11 is to be understood that a person of skill in the art
could modify and optimize the elution profile according to the resolution being required of the
specific sample being scparated using A4F,

Typically, the sample is injected into the sample inlet port of the A4F channel. The
saraple is then focused by allowing the carrier fluid o flow into the chaunel from both the infet
and outlet ports, meeting al a point in the channel, typically near the sample inlet port, to form a
focusing zone. During the focusing period, particles from the mjected sample are held in this
focusing zone to allow for relaxation prior to fractionation. The final step is fractionation of the
particles. As particles flow along the channel, the perpendicularly-opposed cross-flow
separation field pushes the molecules towards the bottom of the channel, As they accunmulate
near the bottom of the channel, they undergo a counter acting diffusion back into the channel
against the cross-flow field. The extent to which the roolecules can diffuse back juto the channel
is dictated by their natural Brownian motion, a characteristic defined by the translational
diffusion coefficient, which, in turn, is related to the size and shape unigue to each individual

species. Generally, smaller particles have g faster diffusion coefficient than larger ones and are
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able to diffuse higher into the channel against the cross-flow field. The rate of laminar flow
within the channel is not uniform. It travels in a parabolic pattern with the speed of the flow
increasing towards the center of the channel and decreasing towards the upper and lower walls of
the channel. Therefore, the rate at which particles will be carvied through will depend on their
position within the channel. Those with faster diffusion, focated near the center of the channel,
will be transported with a greater velocity. The larger particles in the shallow, slower moving
strearn near the bottom accumulation wall of the channel are transported with lower flow
velocity and elute later than smaller particiés. This results in a gentle separation of particles
based on mass with the elution order of smallest to largest.

As the sample is flowing through the A4F chanuel, the leading portion of sample exits the
channel through an outlet port, The multi-angle laser light scattering (MALLS) detector is in
fluid communication with the A4F system and receives sample from the A4F cutlet port, In
some embodiments, the sample first Hows through 8 UV/VIS detector to measure sample
conceniration as a function of absorbance. The MALLS system focuses a beam of polarized
tight (or a laser) onto the sample molecule and the scattered light is detected with a photo
detector.

Multi angle light scattering (MALS) measures light being scattered from a sample
containing molecules, particles, or protein complexes, This scattering depends on the optical
configuration of the setup, and in a typical experimental realization, the light is then detected at
one or several different angles. In the one-scatlering-angle solution, the three most popular
designs are 90 degrees {also right angle light scattering or RALS), 7 degrees {(also low angle light
seattering or LALS), or 173 degrecs {also non-invasive back scattering or NIBS). In the nuulti-
angle setup there are in principle those where the angles are fixed (this is most often called the
MALS or MALLS setup) and those where the angles are variable (typically referred to as a light
scattering goniometer or speetrometer). MALS usually vefers to a system with multiple fixed
angles used as part of a particle separation setup, for example A4F. The most widespread
application of MALS is as an absolute molar mass detector in conjunction with a concentration
detector (like RI or single-wavelength UV).

MALS can be used to measure: My — weight-averaged molar mass of a protein complex;

K, — average radius of protein complex; and A; — solubility of protein i solution,

12
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8. Methods of Characterizing Protein Complexes

The disclosed systems and methods can be used to characienize protein complexes, for
example protein drog product:ligand cornplexes in a sample. One embodiment provides a
method for assessing the steichiometry and size distribution of heterogeneous protein complexes
in a sample by fractionating the sample by asymmetrical flow field flow fractionation (A4F), and
determining the molar mass, stoichiometry and size distribution of protein complexes in the
sample using Multi-Angle Laser Light Scattering (MALLS}, wherein the complexes comprise or
consist of antibedy:ligand complexes or fusion protein:ligand complexes. In some embodiments,
the ligand is a soluble ligand. Typically, the antibedy 1s a monoclonal antiboedy. In one
embodiment, the protein complex is characterized by its antibody or fusion protein to ligand
ratio. In a non-limiting example, the antibody or fusion protein 1o lgand ratio can be selected
from the group consisting of 1:0, 011,101, 12, 201, 202, 3:2, 223, 4:4, 6:6, or [2:2%, Itisto be
understood that the antibody or fusion protein to ligand ratio will be dependent on the specific
antibody or fusion protein and ligand that are being tested.

1. Mixtures of Protein Complexes

To determineg the characteristics of protein complexes, a molar mass can be
experimentally determined for each component of the complex to calculate an expected molar
mass of complexes with varying stoichiometries. In one embodiment, each protein and ligand in
the mixture is analyzed separately to determine a molar mass for cach component. In one
embaodiment, a protein drug product and iis Higand are mixed to form protein drug product:ligand
complexes and the complexes ave then characterized. The fractionated protein drug
product:ligands are subjected to A4F-MALLS to determine molar mass of the complexes. The
caloulated values of the fractionated complexes are then compared to the experimentally
determined molar masses of the the individual components o determine the Likely stoichiometric
ratio of individual cormponents present in each complex. In one embodiment, the methods can
detect a 11 protein drug product:iigand complex. In another embodiment, the methods can
detect any ratio of protein drug product:ligand. In a non-limiting example, the methods can
detect a protein drug product:ligand complex of 110, 011, 201, 1:2, 2.2, 3:2, 2.3, 44, 6:6, or {2:2]
it is to be understood that the antibody or fusion protein to ligand ratio will be dependent on the

specific antibody or fusion protein and ligand that are being tested. In some embodiments, the
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complex contains multiple ditferent protein drug products complexed with a common soluble
ligand.
A. Ligands

The ligand in the protewn drug product:ligand complex can be 8 monomeric or multimeric
ligand. In one embodiment, the ligand is a soluble ligand. In some embodiments the soluble
ligands correspond to the extracellular portions of transmerobrane profeins including but not
firnited to transmerbrane receptor proteins.

Meonomeric ligands contain only one protein or one protein unit. Multimeric Hgands can
be for example dimerie, trivnerie, etc. containing multiple proteins or protein subunits. For
example the Hegands can be homodimers or heterodimers. In some embodimenis, the multimeric
ligands bind to more than one molecule of a protein drug product, Figure 1A shows an

gand complex. Figure 1B shows an exemplary 1.2 antibody:ligand
g . Yig

bey

exemplary 111 antibody:li
complex, and Figure 1C shows an example of the “paper dolling” effect wherein each arm of an
mterior antibody binds o a different ligand creating a large, heterogeneous complex,

fn one embodiment, the large, heterogencous protein drug product:ligand complex has a
size of 500 kDa or greater. In another ervbodiuent, the heterogencous protein drug
product:ligand complex has a size of 500 - 4000 kDa. In another embodiment, the large,
weterogeneous protein drug product:ligand has a ratio of protein drug product:ligand of 3.2, 2.3,
4:4, or 6:6.

i one embodiment, the disclosed methods are used to determine if a lead protein drug
product designed to target a multimeric higand will form large, heterogeneous protein drug
product:ligand complexes.

In one embodiment, the disclosed methods can be used to determine if a multimeric
tigand will form complexes with more than ong protein drug product or fusion protein. The
complexes that can be formed inchude but are not limited 1o wroteiniligand ratios of 1:0, 001, 2:1,
1:2,2:2, 3.2, 2:3, 44, 6:6, or [2:2]. Figures 1A-1C fHlusirate exemplary complexes that could be
formed between a multimeric ligand and a monoclonal antibody.

. Combination of Multiple mAbs

Combination therapy using multiple protein drug products to target the same pathway or

the same ligand 1s growing in popularity. In some embodiments, the disclosed methods can be

used to distinguish between different combinations of antibodies targeting the same ligand based
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on the stoichiometry and size distributions of protein coplexes formed by the protein drug
products. When two protein drag products are mixed together with a monomeric ligand, the
protein drug products have the potential to form a heteromeric complex. A heteromeric
corplex, as defined herein, refers to two different protein drug products binding the same target
molecule. In addition, each of the two arms of the same antibody have the ability {o bind two
ligands which can also be bound by a second antibody to form a heteromeric complex. Figures
2 A-2D show representative heteromeric complexes. Figures 2A and 2C show complexes formed
when one protein drog product (black), or antibody, binds two ligands and one of the ligands is
also bound by a second, unigue protein drag product (gray). If the gray protein is bound by
another ligand which is then bound by the black protein, larger, more heterogeneous complexes
can form, as represented in Figures 28 and 2D
2. Selecting Lead Protein Brag Product

Another embodiment provides a method for selecting a lead protein drug product by
adding a first protein drug product to a first sample comprising a target of the first protein drug
product to produce heterogencous proteinligand complexes and adding a second protein drug
praduct to the a second sample containing the target to form protein:ligand complexes. The
wethod includes separating the heterogeneous protein:ligand complexes and determining the size
distribution and stotchiometry of heterogencous protein:ligand complexes using Asymmetrical
flow field flow fractionation— Mulii-Angle Laser Light Scattering. The methods also melude
selecting the protein drug product that forms fewer heterogensous proteintiigand complexes as
the lead target protein drug. In some embodiments, the ligand 15 a soluble ligand. The soluble
ligand can be a monomerie ligand or a multimeric ligand. Typically, the protemn drug product is
an antibody or andigen binding fragment thereof, a fusion protein, or a recombinant protein. The
protein complex can be characterized a3 a protein complex with an antibody or fusion protein (o
ligand ratio selected from the group consisting of but not limited to 1:0, &1L, 11, 12, 201, 222,
312,23, 414, 616, or [2:2].. Another embodiment provides a pharmaceutical comiposition
containing the lead protein drug product selected using the method above.

i Determining Size and Shape of Protein Complexes
Inn one embodiment, the disclosed methods can be used to determine the size of protein

complexes. A mixture of protein drug products, and optionally soluble ligands, are separated

g

using an A4YF fractionation. The size and stoichiometyy of the protein complexes can then be

i3
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determined using MALLS analysis. In MALLS analysis, a beam of polarized light {or a laser) is
focused onto the sarple molecule and the scattered light is detected with a photo detector. The
scattered light is detected at various difterent angles simulizneously. The intensity of the
scattered light at each angle is proportional to the molar mass of the complex. In one
embodiment, V/Vis spectrometry is used to determine the concentration of each protein
complex.

In another embodiment, the shape/conformation of a protein complex formed between
different protein drug products to a common ligand can be distinguished using the disclosed
mcthods. Differences in elution tirae or elution profile hetween complexes with the same molar
mass suggest differences in shape or conformation of the protein complexes. Complexes with
the same or similar molar mass but with different elution times indicate that the complex with the
slower elution time has an increased hydrodynamic volume due to a difference in shape or
conformation of the comples.

The molar mass and size heterogeneity of the protein complexes can be used to predict
the clearance of the protein drug product. In one embodiment, the larger the protein complex,
the faster the protein drug product is cleared from the bedy.

. Proteins in the Protein Complexes

in one embediment one of the proteins in the protein complex is a protein drug product or
is a protein of interest sutiable for expression in prokaryotic or eukaryotic cells. For example,
the protein in the protein complexes can be an antibody or antigen-binding fragment thereof, a
chimerie antibody or antigen-binding fragment thereof, an ScFv or fragment thereof, an Fe-
fusion protein or fragment thereof, a growth factor or a fragment thereof, a cvtokine or a
fragment thereot, or an extraceliular domain of a cell surtace receptor or a fragment thereof.
Proteins in the complexes may be simpie polypeptides consisting of a single subunit, or complex
muitisubunit proteins comprising two or more subunits. The protein of interest may be a
biopharmaceutical product, food additive or preservative, or any protein product subject to
purtfication and quality standards.

In some embodiments, the protein in the protein complexes is an antibody, a human
antibody, a humanized antibody, a chimeric antibody, a monoclonal antibody, a multispecific
amtibody, a bispecific antibody, an antigen binding antibody fragment, a single chain antibody, a

diabody, iriabody or tetrabody, a dual-specific, tetravalent immmunoglobulin G-like molecule,
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termed dual variable domatn immunoglobulin (DVD-EGY, an gD antibody, an 1gE antibody, an
IeM antibody, an IgG antibody, an 1gGl antibody, an 1pG2 antibody, an 1g(G3 antibody, or an
18G4 antibody. In one embodiment, the antibody is an [gG1 antibody. in ove embodiment, the
antibody is an 1gG2 antibody. In one embodiment, the antibody is an [gG4 antibody. In another
ernbodirent, the antibody comprises a chimeric hinge. In still other embodiments, the antibody
comprises a chimeric Fe. In one embodiment, the antibody is a chimeric igG2/1gG4 antibody. In
one embodiment, the antibady is a chimeric [gG2/1gG1 antibedy. In one embodiment, the
antibody is a chimeric 1pG2/7gG1/1g(4 antibody.

In some embodiments, the antibody is selected from the group consisting of an anti-
Prograrumed Cell Death 1 antibody (e.g. an anti-PD1 antibody as described in U8, Pat. Appin.
Pub, No. US2015/0203579A1), an anti-Programmed Cell Death Ligand-1 {e.g,, an anti-PD-L1
antibody as described in in U.S. Pat. Appln. Pub. No. USZ015/0203580A1), an anti-Dil4
antibody, an anti-Angiopoetin-2 antibody {e.g., an anti-ANG?2 antibody as deseribed in ULS, Pat.
Ne. §,402,898), an anti- Angiopoetin-Like 3 antibody (e.g., an anti-AngPtl3 antibody as
described in 11.8. Pat. No. 9,018,356), an anti-platelet derived growth factor receptor amtibody
(e.g., an anti-PDGFR antibody as described in U5, Pat, No. 9.265.827), an anti-Eirb3 anfibody,
an anti- Projactin Receptor antibody {¢.g., anti-PRLR auatibody as described in U.S. Pat. No.

9 302,015), an anti-Complement § antibody {e.g., an anti-C5 antibody as deseribed in 1.5, Pat,
Appln. Pub, No US2015/0313194A1), an anti-TNF antibody, ap anti-epidermal growth factor
receptor antibody {e.g., an anti-EGFR antibody as described 1n ULS. Pat. No. 8,132,192 or an
anti-EGFRVIH antibody as described in U.S. Pat. Appla. Pub. No. US2015/0258423A1), an anti-
Proprotein Convertase Subtilisin Kexin-9 antibody {e.g., an anti-PCSKY antibody as described in
1.8, Pat, No. 8,062,640 or U.S. Pat. No. 9,540,449), an Anti-Growth and Differentiation Factor-
8 antibody (e.g. an anti-GDF] antibody, also known as anti-myostatin antibody, as described in
UK. Pat Nos, 8,871,209 or 9,260,515), an anti-Glucagon Receptor (e.g. anti-GCOGR antibody as
described in U.S. Pat. Appln. Pub. Mos. US2015/0337045A7 oy US2016/0075778A1), an anti-
VEGF antibody, an anti-IL1R aniibody, an interlenkin 4 receptor antibody {e.g., an anti-IL4R
antibody as described in U.S. Pat. Appln. Pub. No. US2Z014/0271681A1 or ULS, Pat MNos,
8,735,095 or &,845,55%9), an anti-interleukin 6 receptor antibody (e.g., an anti-1L6K antibody as
described in U.S. Pat. Nos. 7,582,298, 8,043,617 or 9,173,8R0), an anti-1L1 antibody, av anti-11L.2

antibody, an anti-1L3 antibody, an anti-IL4 antibody, an anti-ILS antibody, an anti-IL6 antibody,
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an anti-1L7 antibody, an anti-interleukin 33 (e.g., anti- 1L33 antibody as described in U.S. Pat.
MNos. 9,453,072 or 9,637,535}, an anti-Respiratory syncytial virus antibody {(e.g., anti-R8V
antibody as described in 1.5, Pat. Applin. Pub. No. 8,447,173}, an anti-Cluster of differentiation
3 {e.g., an anti-CD3 antibody, as described in 1.8, Pat, Nos, 9,447,173and 9,447,173, and in U.S.
Application No. 62/222,605), an anti- Cluster of differentiation 20 {c.g., an anti-CD20 antibody
as described in 115, Patl. Nos. 9,657,102 and US20150266966A1, and in U.S. Pat. No.
7,879,984, an anti-CD19 antibody, an anti-CD2¥ antibody, an anti- Cluster of Differentiation-48
{e.g. anti-CD48 aptibody as described in ULS, Pat. No, 9,228,014}, an anti-Fel d1 antibody (e.g.
as described in U5, Pat. No. 9,079,948}, an anti-Middle East Respiratory Syndrome virus {(e.g.
an anti-MERS antibody as described in U.S. Pat. Appln. Pub. No, US2015/0337029A1), an anti-
Ebola virus antibody (e.g. as described in U.B. Pat. Appln. Pub. Ne. US2016/0215040), an anii-
Zika virus antibody, an anti-Lymphocyte Activation Gene 3 antibody {e.z. an anti-LAG3
antibody, or an anti-CD223 antibody), an anti-Nerve Growth Factor antibody (e.g. an anti-NGF
antibody as described in ULS, Pat. Appln. Pub. No. US2016/001702% and U8, Pat. Nos.
8,309,088 and 9,353,176} and an anti-Protein Y antibody. In some embodiments, the bispecific
antibody s selected from the group consisting of an anti-CD3 x anti-CD20 bispecific antibody
{as described in U.S. Pat. Appln. Pub, Nos. US2014/0088295A1 and US20150266966A1), an
anti-CI3 x anti-Mucin 16 bispecific antibody {(e.g., an anti-CD3 x anti-Muc16 bispecific
antibody), and an anti-CID3 x anti- Prostate-specific membrane antigen bispecific antibody (e.g.,
an anti-CD3 % anti-PSMA bispecific antibody). In some embodiments, the protein of interest is
selected from the group consisting of abeiximab, , adalimumab, adalimumab-atto, ado-
irastuzumab, alemtuzumab, alirocomab, aterolizumab, avelumab, basiliximab, belimumab,
benralizumab, bevacizurpab, bezlotoxumab, blinatumomab, brentuximab vedotin, brodalumab,
canakinumab, capromab pendetide, certolizumab pegol, cemiplimab, cetuximab, denosumals,
divuhuximab, dupilumab, durvalumab, eculizumab, elotuzumab, emicizumab-kxwh,
emiansinealirocumab, evinacumab, evolocumab, fasinumab, golimumab, puseikumab,
ibriturnomab tiuxetan, idarucizumab, infliximab, infliximab-abda, infliximab-dyyb, ipilimumab,
ixekizumab, mepolizannab, neciiumumab, nesvacumab, nivolumab, obiltoxaximab,
obinutuzumab, ocrelizumab, ofatumumab, olaratumab, omalizumab, paniturnumab,

pembrolizumab, pertuzumab, ramuciramab, ranibizumab, raxibacumab, reslizumab, rivucumab,
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rituximab, sarilumab, seculkinurnab, siltuximab, tocilizumab, tocilizumab, trastuzamab,
trevogrumab, ustekinumab, and vedolizomab,

In some embodiments, the protein in the complexes is a recombinant protein that contains
an Fc moiety and another domain, (c.g., an Fe-fusion protein). In some exsbodiments, an Fe-
fusion protein is a receptor Fo-fusion protein, which coptains one or more extraceliular
domain{s) of a receptor coupled to an Fe moiety. In some embodiments, the Fe moiety
comprises a hinge region followed by a CH2 and CH3 domain of an IgG. In some embodiments,
the receptor Fe-fusion protein containg two or more distinet veceptor chains that bind to either a
single ligand or multiple ligands. For example, an Fe-fusion protein is a TRAP protein, such as
for example an IL-1 Trap (e.g., rilonacept, which contains the HL-1RAcP ligand binding region
fused to the 1R extracellular region fused to Fo of hig(31; see U.S. Pat. No. 6,927 004, which
is herein incorporaled by reference in its entirety), or a VEGT Trap (e.g., aflibercept or ziv-
aflibercept, which comprises the Ig domain 2 of the VEGY receptor Fltl fused to the Ig domain 3
of the VEGF receptor Fik1 fused to Fe of higGl; see U5, Pat. Nos, 7,087,411 and 7,279,159 In
other embodiments, an Fe-fusion protein is a ScFv-Fe-fusion protein, which contains one or
more of one or more antigen-binding domain(s}, such as a variable heavy chain fragment and a

variable light chain fragment, of an antibody coupled to an Fe motety.

EXAMPLES

Example 1: A4F analysis offers superior resolution foy samples contaming large, heterogeneous
complexes compared to SEC fractionation.
Methods

SEC-MALLS Mobile Phase Buffer

For SEC-MALLS analvsis, the composition of SEC roobile phase buffer was 10 mM

sodivm phosphate, 500 mM sodium chioride, pH 7.0, and filtered (0.2 pm) before use,

SECBMALLS Analysis

The SEC-MALLS system 1s composed of a Superose 6 GL coluron (10 mm x 300 muw; GE
Healtheare, catf 17-5172-01), coupled to an Agilent 1200 Series HPLL system equipped with a
uliraviolet (UV) diode array detector, Wyatt Technology miniDawn TREQOSY faser light

seatiering instrument {L8), and an Optilab® TrEX differential refractometer (RI) detector. The
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detectors were connected in series in the following order; UV-LS-RL LS and RI detectars were
calibrated according to instructions provided by Wyatt Technology,

Defined amounts of anti-ProteinX mAb were each combined with recombinant Protein¥ and
dituted in 1X DPBS, pH 7.4 to yield the following molar ratios: § pM anti-Protein¥ mAb: 1 uM
ProteinX, 1 uM anti-ProteinX mAb: | M ProteinX, and 1 pM anti-ProteinX mAb: § uM
ProteinX. All samples were incubated at ambient temperature for 2 hours and mainiained
antilfered at 4°C prior to injection into the column. The column was pre-equilibrated with the
mobile phase buffer (10 oM sodium phosphate, 500 mM sodium chloride, pH 7.0+ 0.1} ata
flow rate of 0.3 mI/min, prior to the injection of each sample. Bovine serum alburnin (BSA; 2
mg/ml; 150 pg sample load) was injected separately and included as a system suitability control.

The SEC-MALLS mobile phase buffer (10 mM sodium phosphate, 300 mM sodium chloride,
pH 7.0 + 0.1} was used throughout the fractionation. Fach sample (100200 pg) was injected,
and was eluted with a flow rate of 0.3 mL/min. BSA was fractionated using the same parameter
seitings,

ALE-MALLS Mobile Phase Buffer

For BEC-MALLS analysis, the composition of SEC mobile phase buffer was 10 mM
sodium phosphate, 300 mM sodium chloride, pH 7.0, and filtered (0.2 um) before use,

ALFEMALLS

The A4F-MALLS system was composed of an Helipse™ 3+ A4F Separation System
coupled to an Agilent 12100 Series HPLC system equipped with a ultraviolet (UV) diode array
detector, Wyatt Technology Dawn HELEOS® H laser light scattering instrument (LS}, and an
Optilab® T-rHX differential refractometer (R1) detector. The detectors were connccted in series
in the following order: UV-L8-R1. LS and RI detectors were calibrated according to instructions
provided by Wyait Technology.

Defined amounts of anti-ProteinX mAb were each combined with recombinant FroteinX
and diluted m 1X DPBS, pH 7.4 to yield the following molar ratios: 5 pM anti-ProteinX mab: |
s Protein(, 1 pM anti-ProteindI mAb: I uM ProteinX, and 1 pM anti-ProteinX mAb: 5 pM
ProteinX. All samples were incubated at ambient temperature for 2 hours and maintained
unfilicred at 4°C prior to injection into an Eclipse™ short channel fitted with a W350 spacer foil
(350 pm spacer thickness, 2.2 em spacer width) and using a 10 kDa MWCO Nadir regenerated

cellulose membrane. The channel was pre-equilibrated with the mobile phase buffer (10 mM
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sodiwrn phosphate, 500 mM sodium chloride, pH 7.0 = 0.1}, prior to the injection of each sample.
Bovine serum albumin (BSA; 2 mg/mL; 10 pg sample load) was injected separately and included
as a system suitability control,

The fractionation method consisted of four steps: injection, focusing, elution, and a
channel “wash-out” step. The A4F-MALLS mobile phase buffer (10 mM sodium phosphate,
300 mM sodium chloride, pH 7.0 £ 0.1) was used throughout the fractionation method. Bach
sample {7 pg} was injected at a flow rate of 0.2 mbL/min for 1 min and subsequently focused for 2
roin with a focus flow rate of 1.5 mU/min. The sample was eluted with a chanpel flow rate of 1.0
mb/nin with the Hnear gradient eross flow from 3.0 mL/min to 0 mE/min over 45 min. Finally,
the cross flow was held at ¢ mi/min for an additional 5 min to wash out the channel. BSA wa
fractionated using the same parameter soitings.

MALLS Data Analysis

Data were analyzed using ASTRA 'V software (version 5.3.4.14, Wyatt Technology).

The data were fit to the equation that relates the excess scatiered light to the solute concentration
and weight-average molar mass, Mw, { Wyatt, 1993; Kendrick, 20413

K*c 1
Ro.c; MwP@

&

Baguation

where ¢ is the solute concentration, R{0,¢} is the excess Raleigh ratio from the soluie as a
function of scattering angle and concentration, Mw 1s the molar mass, (8} describes the angular
dependence of scattered light (~1 for particles with radius of gyration < 30 nm), A» is the second
virial coefficient in the expansion of osmotic pressure {which can be neglecied since

measurements are performed on dilute solutions) and

Eguation I

where no represents the solvent refractive index, Na i3 Avogadro’s number, Ag is the
wavelength of the incident light in a vacuum, and dn/de represents the specific refractive index
mcrement for the solute.

The molar mass of BSA monower served o evaluate the calibration constants of the Hght
scattering and differential refractive index detectors during data collection (system suitability
check)., The relative standard deviation (% RSD) of the average molar mass of BSA determined

. (%%,

1/\
1 _;;

from the UV and R detectors was

\
R
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The normalization coefficients for the light scattering detectors, inter-detector delay
volume and band broadening ferms were calenlated from the BSA chromatograms coliected for
the A4F-MALLS condition employved. These values were applied to the data files collected for
all the other samples to correct for these terms.

S The dr/de value and the extinction coefficient at 215 nm or 280 sm {corrected for
glycosylation) were experimentally determined using the protein conjugate analysis provided in
the Astra software. The corrected extinction costhicient and dn/de value was used to analyze all
protein-protein complex samples.

Results

1 SEC-MALLS analysis of the samples showed poor resolution of higher order complexes
(ehution volume = 8 — 14 mbL} and no distinction of intermediate complexes (Figure 3A, Table 1)
In contrast, A4F-MALLS analysis of the samples showed superior resolution of higher order

cormnplexes {elution time = ~11 — 30 muin) and clear distinction of intermediate complexes (Figure

3B, Table 23
15 Table . Approximate molar roass and retention volume for mAb:Protein X complexes,
Pesk 1 Peak 2 Feak 3 Peak 4
Molar [Intact Antibodyjs iinfact Andibodyhs | [intact Antisodyn
_ Higher Order [Proteini] ProtainX ProteinXl
Sample Ratio e ProteinXs Proteinkh {Proteinkh
o Compiexes
{motmog Complex Compiex Compiex
BV min | My, kDa { BV, min | My kDa ¥ EY min | M, kBa | BV, min 1 My, kDa
‘ ~ 39 o
mAb:ProteinX 51 8.0-128 o 1341 33 NA NA NA NA
1000
~400- o
mabiProteinX i 8.0-134 NA NA 15.4 167 NA NA
2000
- ~430- \ . "
rmAb1ProteinX 5 1 85538 200 NA NA NA NA 16.0 8

BV’ Eintion Yolume; My weight average molar mass; NA: Not Applicabie; miriminutes; kDa: kiloDaltons,

N2
N2
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Table 2. Approximate molar mass and retention times for mAbProtein X complexes

Peak 1 Pazk 2 Paak 3 Faak 4 Peak §
iintant [Intact {intact firstart
Molar Antibodyh Antibodylz Antisodyls Antibodyle Hicher Ordar
Sample Ratio {FroteinX}:. [ProtainXh [ProteinXiz {Fretainkls Complaxes
{raotimel) Complex Complex Cornplax Complex
M B, i W, M ‘ e
Ry, min ' Ry, min ) Rimin | K, min ' Ry, i | ’
KDz kDa kDa s LT | kDa
. . o A . §3C-
frAb:ProteinX 51 NA NA 0.8 32 124 448 17 674 (LI PO
80
oy 780-
mAbtProteinX 11 NA NA 0.7 333 125 515 137 674 148 oo
182
. 730-
miabtProtsinX 1.8 34 14 NA NA 1.8 431 133 600 4.4 1180
<

Example 2: Anti-Protein Y Complexes.

Methods

A4F MALLS Mobile Phase Buffer
X DPBS, pH 7.4, was prepared by diluting 500 mL of 10X DPBS with HPLC grade

R Retention Time,; M weig‘h‘t‘ évérage motar rass; NAD Not Applicable; miniminutes; kDa: kiloDaltons;

water to a total volume of 4.9 L. A solution of $.0025% (w/v) sodium azide was added a3 an

antimicrobial agent. Hydrochloric acid (12 M) was slowly added in small volume increments to

adjust the pH to 7.4 before bringing the final volume to 5.0 L. The final, measured pH of the

buffer was 7.4. The buffer solution was prepared fresh and filtered (0.2 um) prior to use,

A4F MALLY Analysis

Drefined amounts of anti-Protetn Y mAbs (Lead A and Lead B) were each combined with

recombinant luman Protein Y and diluted in 1X DPBE, pH 7.4 to yield the following meolar

ratios: | pM anti-Protein Y mAb: 3 uM hActA, 1 pM anti-Protean Y oAb 1 M Protein Y, and

3 uM anti-Protein ¥ mwAb: T pM Protein Y. Al samples were incubated at ambient temperature

for 2 hours and maintained unfiltered at 4°C prior 1o injection into an Eclipse™ short channel

fitted with a W490 spacer foil (490 yum spacer thickness, 2.2 em spacer width) and using a 10

kDa MWD Nadir regenerated cellulose membrane. The channel was pre-equilibrated with 1X
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DPBS buffer, pH 7.4, prior to the injection of cach sample, Bovine serum atbumin (BSA; 2
mg/mL; 10 pg sample load) was injected separately and included as a system suitability control.

The fractionation wethod congsisted of four steps: injection, focusing, elution, and a
channel “wash-out” step. The A4F-MALLS robile phase butfer (1X DPBS, pH 7.4) was used
throughout the fractionation method. Each sample (310 ug) was injected at a flow rate 0702

nL/vain for |oroin and subseguently focused for 2 min with a focus flow rate of 1.3 md/mun.

The sample was eluted with a channel flow rate of 1.0 mL/mtn with the linear gradient cross
flow from 1.2 mL/min to § mi/min over 20 min. Finally, the cross flow was held at 0 ml/min
for an additional 5 min to wash out the channel. BSA was fractionated using the same pararneter
settings,

Mouse Anti-Human Angibody Titer

Mouse anti-human antibody (MAHA) titers were determined using a sandwich ELISA
specific for the detection of mAb A or mAb B mouse [gG. Briefly, mAb AormaAbBat !
ug/mi in phosphate-buttered saline {PBS) were passively adsorbed to s microtiter plate
overnight at 4 C followed by a nonspecific binding block with 5% bovine serum albumin (BSA)
in PBY. Serial dilutions of serum samples were prepared o dilution butfer {0.5% BRA in PBS)
starting from 1:100. Therefore, the corresponding ditution factor (100} was delined as the
assay’s lower limit of detection {L.OD). Samples were then added fo the mAb A or mAL B
coated plate (100 pl/well) and incubated 16-18 hours at 4°C. Wells with addition of dilution
buffer only were included to determine background signal. Subsequently, plate-captured mAb A
or mAb Bespecific MAHA was detected using horseradish peroxidase (HRP)-conjugated anti-
mouse Foy at 40 ng/mbL. The chromogenic HRP-substrate, 3,3',5,5tetramethylbenzidive (TMB}
was used to detect HRP activity; and the resultant optical density at 450nm (ODyse) was read on
a Perkin Eimer Victor ¥4 Multimode Plate Reader. Data of binding signal versus didution factor
were analyzed by nop-linear regression using GraphPad Prism software and titers were
caleulated. The MAHA titer was defined as the calculated dilution factor of the serurmn sample
corresponding to a binding signal equivalent to twice the background signal of the assay.

Results

The two jead mAbs formed distinctly different complexes with Protein Y. Under all
conditions tested, mAb Lead-A formed smaller, less heterogeneous complexes with Protein Y

than mAb Lead-B (Figures 4A-4C, Tables 3-5}.
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iintact Antibody)s: ProtsinYlz

Complex

iintact Antibodyi [ProteinYls

Complex

Higher Order Complexes

R, min

b, kiDa

R min

M, KDz Ry, min

M, kDa

FroteinY

ad-A 2 ‘
Head 13 101 218 NA NA 13.1 ~500-1000
Proteiny
ead B 13 5.1 215 125 390 143 | ~550-2000

Table 4. Approximate molar mass and retention times for mAb:Protein ¥ complexes.

Sample

Malar Ratic

Peak 1

Peak 2

Paak 3

fintact Antibodyle:
[Protainyliz

{intact Antibodyles
{ProteinYlg

{intact Antibodyle:
Proteinyle

Higher Order
Complaxes

Protginy

frohma)
Complex Complex Complax

RBomin | Mo kDa | Romin | Mo kDa | Rimin | M kDa | Romin | My kDa

Lead-A; ~85G-

i1 1.8 348 3.5 %89 NA NA 16.8

ProteinY } 1400
gad-3: ~§15-
Lead-3 11 NA N 14,6 449 153 536 16.4 15
2300

Re Retention Time; My weight average molar mass; NA: Not Applicable; mineminutes; kDa: kiloDaiions;
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Paak 1 Feak 2
Maolar Ratio {intact Antibodyla: [ProteinY]s
Sampie N Higher Order Compleses
{mickmol} Comglex
Ry, min M, kKDa Ry, min My, kDa
Lesd-A: Prolsiny 31 11.3 265 13.0 ~400-800
- Lead-B: ProteinY 31 11.8 307 12.9 ~480-160¢

The size and heterogeneity of anti-Protein Y complexes correlated well with mouse FK
observations (Figures SA-5B). Larger coroplexes observed for Lead-B with Protein Y correlated

with {faster clearance (Figure SB).

Example 3: Anti-Human Protein 2 Complexes.
Methods

Sample Preparation

Samples were prepared in 1IX DPBS, pH 7.4 and allowed to incubate at room temperature
for 2 hrs. prior to fractionation of total protein by A4F-MALLS. The samples were as follows:
I mM anti-Protein 2 mAbl + Secondary mAb (0.5 M + 0.5 pM Y+ 1 uM complement Protein
Z {7 comabinations) or T mM anti-Protein £ mAbS + anti-Protein 7 mAb7 (0.5 yM + 0.5 uM ) +
i uM complement Protein 2. The lst of secondary antibodies can be found in Table 6.

Table &. Sample Nomenclature,

anti-Protein £ mAb2Z A2 Combo
anti-Protein Z mAb2 mAh3 Combo
anti-Prodein 2 mAbd mabd Combo

mAbS Combeo

anti-Frotein Z mAbS mALS Combo
anti-Frotein £ mAb7 reAbY Combn

COMP1 mAb COMPY Combo
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ALF MALLS Analysis

All samples were incubated at ambient teruperature for total of 2 hours and maintained
unfiltered at 4°C prior to injection into an Eclipse™ short channel fitted with a W350 spacer foil
{350 um spacer thickness, 2.2 cm spacer width) and using a 4 kDa MWCQO hydrophilic PES
{(PESH) membrane. The channel was pre-equilibrated with the mebile phase buffer (10 mM
sodium phosphate, S00 M sodivm chioride, pH 7.0 + 0.1}, prior to the injection of each sample.
BSA (2 mg/mb; 10 pg sample load) was injected separately and included as a system suitability
contirol.

The fractionation method consisted of four steps: injection, focusing, elution, and a
channel “wash-out” step, The A4F-MALLS mobile phase buffer (10 mM sodiurn phosphate,
500 mM sodium chioride, pH 7.0 = 8.1) was used throughout the fractionation method. Each
samnple {7 g complex or 4 ug individual component} was injected at g tliow rate of .2 mL/min
and focused for § min with a focus flow rate of 1 mE/min. The sample was cluted with a
channel flow rate of 1 mL/min with the linear gradient cross flow from 2 mU/min to ¢ mi/min
over 45 min. Finally, the cross flow was held at O mU/min for an additional 5 mwin to wash ont
the channel. BSA was fractionated using the same parameter settings.

REC Hemolysis Assay

Alternative pathway (AP) hemolysis assay was used as the measure of complement
activation to evaluate the ability of anti-Protein Z mAbs to block the lysis of rabbit red blood
cells (RBRBCs). Lysis of rabbit red blood cells by muembrane attack complex is the basic of the
assay by which complement activation is experimentally measured.

A desired number of RbRBCs are washed in GV B-Mgl+/EGTA butler and re suspended
at 2x10% celle/ml. To test the efficacy of either single anti-C53 mAb or combination of anti-C5
mAbs, normal human serum was diluted to 56-96% in GVB-Mg?/EGTA buffer to achieve a
final concentration of 25-48% when added to RBC. Round bottom 96 well plates were used to
measure hernolyais activity, A total of 100 pL RbRBCs (2x 1 0% cells/mi) were plated into 96-
well plate at 37°C followed by addition of 100 uL of diluted serurn. Cells were gently mixed and
incubated at 37°C for 30-120 minutes. After incubation time, the cells were spun down by
centrifugation at 1280xg at 4°C. A total of 100 ul of the supernatant was transferred to a fresh
86 flat bottom plate and read at 412w on a Spectramax microplate vreader. The caleulation of

percent of hemolysis was done as deseribed below.
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The percentage of hemolysis was calculated with the absorbance values by using the following

equation:

‘g . a b
Ya Hemolpsis =100 x

Eguation 3:

S

s

13

CeillKosish

In this equation “background cell tysis” 1s the OD at Adinm from the cells incubated in

GVE-Mg*/EGTA buffer only containing no serum. The “maximum cell lysis” is the OD at

A412nm from the cells treated with water, Maximum inhibition of lysis was calculated as a

differenice between bottom and top values in the curve expressed as a perceutage of top value,

Praia represented as mean + standard error of mean.

Besulis

Anti-Protein 7 mAbl (Jead anti-Protein £ mAb) in combination with COMPI mAb or

other Protein Z mAbs completely blocks hemolysis of rabbit RBCUs via alternative pathway

activation (Figure 6B, Table 8), compared to monotherapies which do not completely block

hemolysis {Figure 6A, Table 7). Because all of the anti-Protein 2 mAbLanti-Protein 2 mAb

combinations completely blocked hemolysis of rabbit RBC, it was of importance to determine if

£

there are differences in complex formation, such as size, shape and orientation which can provide

insight into the pharmacokinetics (PK) of a mAb during drug development, such as

immunoegenicity and/or farget-mediated clearance.

Table 7. Effcct of anti-Protein Z antibodies on rabbit RBC hemelysis.

Protein 1D

AP, ICED M

AP, ICEG IM]

% Max inhibition of

_ _ Lysis
Anti-Protein 2 mADb1 8.8962-008 1.970e-007 8128
Anti-Protein Z mAb2 | 8.366e-008 1.813e-007 8866
Anti-Protein £ mADRS 5.252e-008 9.3090e-008 - 58.24
Anti-Protein £ mAbd 4.942e-008 £.963e-008 36.63
Anti-Protein £ mADLS 7.419e-008 1.467e-007 77.83
Anti-Proten Z mAbS 9.248e-008 1 22808007 6280
- Anti-Protein £ mAbY 7.424e-008 1.414e-007 78.21
COMP1 mAb 162910008 1.185e-007 61,14
COMPZ mAb - 4.568e-008 5.600e-008 88.83




Fable 8. Effcct of anti-Protein Z antibody combinations on rabbit RBC hemolysis,

 Protein D AP, IC50 [M] AP 1080 [M] % Max Inhibition of
Lysis
Arti-Protein Z mAb1 + Ant- | 7.182e-008 - 7.528e-008 g97.59
FProtein £ mAb2 _—
Anti-Frotein Z mAbT + Anti- | 7.708e-008 8.749e-008 98.11
 Protein Z mAb3 . _ )
Anti-Protein Z mAn1T + Anti- | 8.751e-008 1.0642-007 98.158
Protein £ mAb4 .
Anti-Protein 2 mAb1 + Anti- | 9.871e-008 1.051e-007 58,10
Protein £ mARS B . . .
Anti-Protein 7 mABR1 + Anti- | 7.737e-008 ' 8.4618-008 §7.29
Protein £ mAbS _ .
- Anti-Protein 2 mAb1 + Anti- | 8 25832008 9.432e-008 98.14
Frotein 2 mAb? . ,
Anti-Frotein £ mAbt + 7.372e-008 7.776e-008 98.28
COMPT mAb
Anti-Protein £ mAbt + { 7.308e-008 8.0172-008 a8.4a7
COMP2 mAb

Int the absence of secondary mAbs, anti-Protein 2 mAb1 formed canonieal 101 and 12

complexes with Protein 7 when mixed in equimolar amounts (Figure 7, Table 9),

5 Table 8. Approximate molar mass and retention times for mAb:Protein 2 complexes.

Molar Ratio

Sample .
P {mahmol)

Paak 1

{intact Antibodyls [PrcteinZ}:

Cornplex

Paak 2

Hintact Antibodyle [FroteinZ)s

Complex

Fo, min

M, kDa

Ri, min

hw, kD&

mab 1 Frofein? 14

137

344

498

Most secondary mAb combinations with anti-Protein 7 mAb1 favored smaller, well

defined complexes consistent with a heteromeric 2:2 mAb:Protein 7 complex (Figures & and 9

and Tables 10-12 %
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Table 18, Molar mass of o Ab:Protein ¥ complex.

maL: Protein Thecraticat
£ Complax dotar Mass
tkDa)
1.G 150G

2:1 455
12 545

Giiond
N}

83

K\‘
)

oy R
TN

Table 11, Approximate molar mass and retention time for mAb:Protein 7 complexes,

Sampie

Motar
Ratic
{molinol

Peal 1

Feak 2

Peak 3

Paak 4

[Infact Antibodyle:
[Froteindl

Comsiex

Hintact Antikodya
[ProteinZls

Complex

[Intact Anfibodyie:
[Proteindle

Complax

Higher Crder
Complenas

M, ka

R, min M, kiDa

R, min M, kDa

Profeind

mARTmARS:

16.0 684

1342

201

2D

.5 3560

Frofeing

mALT:mART

161 688

1327

P 1866

2380

415 4250

30

Ry Relention Time; My weighi average molar mass, min'minuies; kDa: kiloDaltons.




Table 12, Approximate molar mass and retention times for mAb:Protein Z complexes.

Peak 1 Peaak 2 Peak 3 Peak 4
Molar [Intact Antibodyla: {infact Antibodyl [intact Antihodyle Highsr Crder
Sample Ratio {Proteindle {Proteindl IProteindls Complaxes
{motmol Complex Comples Complex

Fomin 3 Mw kDa 1 Rumin | My kDa 3 Romin | Ma, kDa | Ry min : My, Dz
. _— ) .\ . . ey - ~ 1700~
mAbtmAbI Proteind | 0.5:0.5:1 164 683 8.4 1262 NA NA 20.2 2700
mADTMARGPIORINZ | 05051 | 157 | ese | 177 L 320 L 94 L owso | 20s | o
S : ’ ' e
mADE mART Protein? | 0.5:0.5:4 158 688 7.8 1334 %3 1872 206 »;g,\,'()

Although anti-FProtein 7 mAbY/ anti-Protein 7 mAb3 combination formed similar sized

complexes with Protein Z, differences in elution time/profile suggested that complexes formed

had differences in shape/orientation compared to other combinations (Figure 9. Combinations

of anti-Protein £ mAbl with anti-Protein 2 mAb2 and COMP1 mAb favored larger, move

heterogeneous complexes with Protein 2 indicative of “paper-dolling”™ (Figure 10, Table 13).
,%;) o o > 7

Fable 13, Approximate molar mass and retention times for mAb:Protein Z complexes.

Paak 1 Feak 2 Paak 3 Paak 4
Molar [intact Antibodvle {intact Anlibodyla [intact Antibodys: _
Sample Szt FroteinZ]s [ProtsinZ]: [FroteinZe Higher Order
. . Complexes
{rmekmol) Complex Complex Complax
R, min Muw, kDa Ry, min My, kDa Ry, min w, kD2 Ry, min M, kDa
mab: »
mAbZ | 0EOEA | 155 | 663 92 boaes ozie | owee bz | OO0
Protaind
mabt o
COMPE: | DBOST | 1se | oma | 3BS L os o215 | o2om o242 | 20
Protsing
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Anti-Protein 2 mAb4 combination with anti-Protein Z mAbB1 displayed a reduced
tendency to form heteromerie complexes with Protein 2 (Figure 11, Table 14). Presence of free
mAb and 1 mAbProtein 2 species indicated incomplete formation of heteromeric complexes
with Protein Z. Mixtures of homomeric and heteromeric complexes with Protein 2 were also
evident.

Table 14. Approximate molar mass and retention time for mAb:Protein 7 complexes.

Peak 1 Pask ? Peak 3
Sotar fintact Antibodyia; Hintact Antiodyls
Sample Ratio [Proteind iProteinly Higher Order Complexas
{rnolrnol) Complex Complex

R, min M, kila e, min My, kDa P main M, kiDa

mAbTmAbd: . ~1700-
, 0.5:0.5:1 158 650 5. 1288 206 9
Proteind 2380

Example 41 Order of addition does not significantly impact the molar mass and distribution of
complexes formed between anti-Protein 2 mAbl, COMP1 mAb, and Protein 7.
Methods

To determine whether order of addition impacts complex formation, equimolar
combinations of COMP1 mAb and Protein Z were prepared in 1X DPBS, pH 7.4 to vield a molar
ratio of 1 pM COMPI mAb: T pM Protein 7 and sllowed to incubate at ambient temperature for
! hr. Following incubation, varying amounts of Auti-Protein Z mAb! was added to the pre-
formed COMP1 mAb:Protein 7 complexes and diluted in 1X DPBE, pH 7.4 1o vield the
following molar ratios: 0.3 uM Anti-Protein 7 mADbL | pM COMPI wmAb: 1 uM Protein 7, 1
pM Anti-Protein £ mAbL: | pM COMPI mAb: 1 pM Protein 7, and 3 M Anti-Protein 2
mAbl: 1 pM COMPI mAb: T pM Protein 2. and incubated for an additional hour prior to
injection onto the instrument. The A4F MALLS analysis methods of Example 3 were followed.

Similar complexes, with respect to molar mass and distribution, were formed beiween
anti-Protein Z oAb, COMPI mAb, and Protein 7 regardless of whether anti-Protein 7 mAbi
was added simultaneously (Figare 124, Table 15} or sequentially (Figure 12B, Table 15} to the

37



s

3

15

other components. The slght shift in clution time observed between the two datasets is

indicative of the variability inherent to the method and 18 not considered unusual,

Table 15, Approximate molar mass and retention times for mAb:Protein ¥ complexes,

Paak 1

Fask 2

Peak 3

2

Pagk 4

mAb1t:
COMPTL: {intact Antibodyh: {intact Antibodyl fintact Antbodyla | Higher Crder Complaxes
Sample Proteind [Proteind]y {Proteindls [Frofeiniza
Motar Ratio Complay Complex Compiex
fmohmol) B i '
Ryomin 1 My kDa | Romin | Mo kDa t Rymin § Mw, k0a | R, min My, KDz
3444 NA MNA 14.5 537 16.7 39 180 ~1200-1950
imuttaneous - . .
Simulianeous 1o NA A 4.4 523 16.7 793 (8.6 | ~1400-2300
Addition « e
651 1313 344 5.4 54 16.6 750 18.4 ~ 1000 1RE)
3104 NA NA 15.6 500 18.0 817 20.0 ~1260-1 800
SQ““?@""S A4 NA NA 15.7 496 1.4 806 265 | ~1500-2400
Addition —_—
0.340% 140 1850 164 663 178 218 199 l ~1 §00-2600)

Example 5: Anti-Protein W Complexes.

Methods

ALFMALLS Mobile Phase Buffer

The mobile phase buffer (10 mM sodinm phosphate, 500 mM sodium chlovide, pH 7.0 =

0.1} was prepared by combining 1.4 g sodium phosphate monobasic monohydrate, 10.7 g sodium

phosphate dibasic heptahydrate, and 500 mL 5 M sodium chioride; the solution was then brought

to a volume to 5.0 L with HPLC grade water. The final measured pH of the buffer was 7.0, The

mobile phase buffer was fltered (0.2 ) before use.

AGEF MALLS Analysis

The A4F-MALLS system was composed of an Eclipse™ 3+ AdF Separation System

conpled to an Agilent 1200 Series HPLC system equipped with a uliraviolet (UV) diode array

detector, Wyatt Technolo

gy Dawn HELEOS® H laser light scattering instrument (L5}, and an

)

Optilab® T-rEX differential refractormeter (BRI} detector. The detectors were connected in series

(]
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in the following order: UV-LE-RI. LS and RI detectors were calibrated according to instructions
provided by Wyatt Technology.

Defined arocunts of anti-Protein W mAb were each combined with Protein W and diluted
in 1X DPRBS, pH 7.4 to vield the equimolar ratio: T yM anti-Protein W mAb: 1 uM Protein W.
All samples were incubated at ambiont temperature for 2 hours and maintained unfiltered at 4°C
prior to injection into an Helipse™ short chaonel fitted with a W350 spacer foil (350 um spacer
thickness, 2.2 cm spacer width} and using a 10 kDa MWCO regenerated celiulose membrane.
The channel was pre-equilibrated with the mobile phase buffer (10 mM sodinm phosphate,

540 mM sodium chloride, pH 7.0 + 0.1, prioy to the injection of each sample. Bovine serum
albumin (BSA; 2 mg/mL; 10 pg sample load) was injected separately and included as a svstem
suitability control.

The fractionation method consisted of four steps: injection, focusing, elution, and a
channel “wash-out” step. The A4F-MALLS mobile phase buffer (10 mM sodium phosphate,
530 mM sodium chloride, pH 7.0 + 0.1} was used throughout the fractionation method. Hach
sample {7 ug) was injected at a flow rate of 0.2 mL/nun for 1 min and subsequently focused for 3
min with a focus flow rate of 1.0 mb/min. The sarople was eluted with a channel flow rate of 1.0
ml/min with the linear gradient cross flow from 3.0 mL/min to & mL/min over 25 min. Finaily,
the cross flow was held at § woL/mun for an additional 5 min to wash out the channel, BRA was
fractionated using the same parameter settings.

A4E-MALLS was used to assess the relative size distribution of complexes formed
hetween Protein W, a dimeric, multi-domain ligand, and several anti-Protein W antibodies that
specifically bind to different domains within the hgand. The theoretical molar mass and
predicted stoichiometry of potential antibody complexes with Protein W are provided in Table

16.

L
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Table 16, Theoretical Molar Mass of mAbProtein W Complexes,

m.ﬁ%b:?roieinw 777777 Molar Mass (kia)
Complex
H 5o F46
VVVVVVV g:1 146
1 292
12’ 438
22 584
U 738
33 876
““““ 44 68

Overall, out of the panel of mAbs, mAb] targeting Domain A formed the highest

proportion of lower-order complexes with the predominant species representing a diserete 111

and 2:2 complex with Protein W when combined at equimolar vatios (Peak 2, ~289 kDa; and

pesk 3, ~562 kDa, Figure 13, Table 173,

Table 17, Molar Masses and Retention Times of Human Protein W Complexes with mAb]

Targeting Domain A.

Sample Molar Peak § Foak 2 Peak 3 FPeak 4 Peak 5
Hai " .
{moia'i;ﬁai) Free mAD/ {mAbin {mAbh: {mAhjs: Higher
S ProteinW [ProteintWh {ProteinW: | [ProteinWh Order
Complex Complex Complex Heteromerie
Complexes
Rr, i\i’iwﬁ Rtg : R/i\,v, R:, R’iws Rl, Niss', R:, PVIWq
min { kBa { min | kDa min EDa | min | kDa | min | kDa
ProteinW g6 1147 1 ND | ND ND NIz N NE O ND ND
maAbl 935 | 145 N ND ¥ND ND ND § ND } ND ND
mabk L ProteinW 1 9.3 146 i0.7 | 28¢ 12.6 562 1 1377} 824 | 145 | ~10D0-
1 2640

Ry Retention Time, My weight average molar mass; NA: Not Applicable; mircmimies; kDa: kiloDaltons,

Fach of the mAbs targeting DomainB (mAb2Z, mAL3 and COMP1) predominantly

formed a discrete 2:2 complex with ProteinW (Peak 3, ~563-580 kDa, Figure 14, Table 18) with

mAbZ and COMP] forming the most homogeneous distribution of complexes relative to other

mAbs tested. While COMP2 targeting Domaina primarily favored a mixture of 1:2 and 2:2
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complexes with ProteinW (Peak 3, ~550 kDa, Figure 15, Table 19), a moderate degree of large,
heterogeneous complexes was also observed. This suggests that unlike mAb1, which aiso
targeted DomainA, COMP?2 binds to 2 unique epitope on ProteinW that aliows for the formation
of extended antibody-antigen lattices in a process termed “paper-dolling”. In this sample, a
distinct peak (Peak 4} having a molar mass ol approxamately 835 kDa was observed, followed by
a series of broad, pooriy-resoived species {peak 5} with a wide molar mass distribution ranging
from ~1000-1900 kDa (Figure 15, Table 19},

Table 18, Molar Masses and Retention Times of Human Protein W Complexes with mAbs -

targeting the Domain B.

Sample Molar Peak i Peak 2 Peak 3 Peak 4 Peak 5
Ratio : ‘
(me?‘zzmh Free mAb/ {mAbin: {mAbh: fmabla Higheyr
B ProteinW | [ProteinWi: | {ProteinWiz | [ProteinWis Crder
Complex Complex Complex Heteromeric
Complexes

Ry | Mw | Ry | Mo, | Ry | M, | Ry | M, | B | My,
min | kDa | min kida min kida gmin klda | orin kKiBa

ProteinW . G651 147 | ND | ND [ ND | ND | ND | ND | ND | ND
mAb2 " 561152 | ND | ND | ND | ND | ND | ND | ND | ND
mALZ:ProteinW 11 94 1 144 | 109 | 283 [ 1321 574 | 1391 731 | 154 | ~1000-
| | | 1900

mAb3 ProteinW 1 531 144 | 107 | 268 | 120 | 563 | 140 | 831 | 146 | ~10600-
| | 1900
COMPIProteinW | Ll | 94 | 143 | 106 | 298 | 13.0 | 580 | 13.9 | 765 | 15 | ~1500-
| 1300

R:: Retention Time; M, weight average molar mass; NA: Not Applicable; minmminutes; kDa: kiloDaltons.

(98]
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Table 19. Molar Masses and Retention Times of Human Protein W Complexes with COMP2

targeting Domain A,

Sarmple Molar Peak | Feak 2 Peak 3 Peak 4 Peak 3
Rati N -

(m?_;fﬂh Free Free mAb | (mABlu fmAbL: Higher

Y ProteinW {ProteinWh | [ProteinWis CGrder
Complex Complex Heteromeric
, ) Cormplexes
Ro | Mo, | Ry } My, | Ry | My, | Ry | Mo, | Ry | M,
min § kla {min | kDa | min | kDs | min § kB | min | kDa

Protein®W - 96 1 147 | ND { ND  ND | ND | ND | ND | ND N
COMP2 0.5 1 122 §NDp ND | ND ! ND | NB | ND | ND NB
COMP2:Proteln W i1 WD | OND P 94 | 147 | 131 ] S50 | 182 | 835 | 189 | ~1000-
1964

Based oo the calculated molar masses of the individual components, peak 4 tikely

represents complexes contaning at least 3 molecules of mAb coordinating 2-3 molecules of

Protein W, whereas peak 5 corresponds 10 a heterogeneous distribution of higher order

heteromeric complexes composed of >3 molecules of mAb coordinating >4 molecules of Protein

W (Table 18). In contrast, mAbs targeting Domain O {mAbd and COMP3) formed a broad

distribution of large, heterogeneous complexes (molar mass ranging from ~700-8000 kDa) with

mAbd displaying the most extensive “paper-dolhing” amongst the panel of mAbs tested (Figure

16, Table 20}

Table 26, Molar Masses and Retention Times of Human ProteinW Complexes with mAbs

targeting Domain C,

Sample Molar Peak § Peak 2 Peak 3
Ratio :
(moi»;;a;) Free mAb/ fAB] s Higher Ceder
’ ProteinW {ProteinWh Heteromeric
Complex Complexes
Remin | M, kBDa | Ry min | M, ks : By, minn § M, kiBa
Portein'W - 9.6 147 ND ND N NI
mAbd - 9.5 148 N ND ND N
mAbd Protein W 11 3.5 158 ND ND 28.5 {400-
4000
COMPL:ProteinW i Q.7 {61 3.9 528 146 700~
...... B00G

]
~3
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While in the foregoing specification this invention has been described in relation to
ceriain embodiments thereof, and many details have been put forth for the purpose of hustration,
it will be apparent to those skilled in the art that the invention is susceptible to additional
embodiments and that certain of the details described herein can be varied considerably without

departing from the basic principles of the invention.

All references cited herein are incorporated by reference in their entivety, The present
invention may be embodied in other specific forms without departing from the spirit or essential
atiribuies thereof and, accordingly, reference should be made to the appended claims, rather than

to the foregoing specification, as indicating the scope of the invention.



We claim:
1 A method for assessing the stoichiometry and size distribution of heterogeneous protein
complexes in a sample to identify a protein that forms fewer large heterogeneous protein:ligand
complexes, the method comprising:

fractionating the sample by asymmetrical flow field flow fractionation (A4F) using a
perpendicularly-opposed cross flow separation field; and

determining the molar mass, stoichiometry, and size distribution of the heterogeneous
protein complexes in the sample using Multi-Angle Laser Light Scattering (MALLS), wherein
the heterogeneous protein complexes comprise heterogeneous protein:ligand complexes
comprising more than one protein bound to the ligand, wherein the protein in the heterogeneous
protein:ligand complexes is a monoclonal antibody or an antigen binding fragment thereof; and

identifying the stoichiometry and size distribution of the heterogeneous protein:ligand

complexes.
2. The method of claim 1, wherein the ligand is a soluble ligand.
3. The method of claim 1 or 2, wherein the monoclonal antibody is a bispecific antibody or

an antigen binding fragment thereof.

4. The method of claim 1 or 2, wherein the antibody in the heterogeneous protein:ligand

complexes is the same type of antibody.

5. The method of claim 1, wherein the heterogeneous protein:ligand complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 2:1.

6. The method of claim 1, wherein the heterogeneous protein:ligand complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 3:2.

7. The method of claim 1, wherein the heterogeneous protein:ligand complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 2:3.

39



8. The method of claim 1, wherein the heterogeneous protein:ligand complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 3:3.

9. The method of claim 1, wherein the heterogeneous protein:ligand—complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 3:4.

10.  The method of claim 1, wherein the heterogeneous protein:ligand complex is an
antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 4:4.

11.  The method of claim 1, wherein the heterogeneous protein:ligand complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of 6:6.

12.  The method of claim 1, wherein the heterogeneous protein:ligand complex is an

antibody:ligand complex having a monoclonal antibody to ligand molar ratio of [2:2],.

13.  The method of claim 1 or 2, wherein the heterogeneous protein:ligand complex is an
antibody:ligand complex having a molecular weight of 700 kDa to 8000 kDa.

14.  The method of claim 1 or 2, wherein the heterogeneous protein:ligand complex is an
antibody:ligand complex having a molecular weight of 500 kDa to 4000 kDa.

15.  The method of claim 1 or 2, wherein the A4F is performed with a channel with a W350

spacer foil having a thickness of 350 um and a width of 2.2 cm.

16.  The method of claim 1 or 2, wherein the A4F is performed with a channel with a W490

spacer foil having a thickness of 490 um and a width of 2.2 cm.
17.  The method according to claim 1, wherein the fractionating step comprises (i) injection of

the sample into the sample inlet port of the A4F channel and (ii) then focus of the sample by

allowing the carrier fluid to flow into the channel from an inlet port and an outlet port.
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18.  The method according to claim 17, wherein smaller protein:ligand complexes will elute

before larger protein:ligand complexes.

19.  The method according to claim 3, wherein the fractionating step comprises (i) injection of
the sample into the sample inlet port of the A4F channel and (ii) then focus of the sample by

allowing the carrier fluid to flow into the channel from an inlet port and an outlet port.

20.  The method according to claim 19, wherein smaller protein:ligand complexes will elute

before larger antibody:ligand complexes.

21. A method for assessing the ability of a protein to form heterogeneous protein:ligand
complexes in a sample, wherein the method is capable of separating the complexes in the sample
over 60 minutes, wherein the method comprises the steps of:

fractionating a heterogeneous protein complex sample by asymmetrical flow field flow
fractionation (A4F) using a channel flow and a perpendicularly-opposed cross-flow separation
field that has a linear gradient cross flow, wherein the samples are separated using the linear
gradient; and

assessing size distribution of heterogeneous protein complexes in the sample using Multi-
Angle Laser Light Scattering (MALLS), wherein the heterogeneous protein complexes comprise
heterogeneous protein:ligand complexes,

wherein the heterogeneous protein complexes comprise heterogeneous protein:ligand
complexes comprising more than one protein bound to the ligand, and

wherein the protein in the heterogeneous protein:ligand complexes is a monoclonal

antibody or an antigen binding fragment thereof.

22.  The method according to claim 21, wherein the monoclonal antibody is a bispecific

antibody or an antigen binding fragment thereof.

23.  The method according to claim 21, wherein the linear gradient cross flow is from 3.0

ml/min to 0 ml/min.
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24.  The method according to claim 21, wherein the linear gradient cross flow is from 2 ml/min

to 0 ml/min.

25.  The method according to claim 21, wherein the linear gradient cross flow is from 1.2

ml/min to 0 ml/min.

26.  The method according to claim 21, wherein the stoichiometry of the heterogeneous
protein complexes is assessed.

42



