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SYSTEMS AND METHODS FOR QUANTIFYING AND MODIFYING PROTEIN
VISCOSITY

TECHNICAL FIELD OF THE INVENTION

The invention is generally related to methods for predicting viscosity of high
coneeniration therapeutic antibodies,

BACKGROUND OF THE INVENTION

Monnoclonal antibodies are a rapidly growing class of biclogical therapeutics.
Monaclonal antibodies have a wide range of indications inchuding inflammatory diseases,
cancer, and infectious diseases. The number of commercially available monocional
antibodies is increasing at a rapid rate, with ~70 monoclonal antibody products predicied to
be an the market by 2020 (Ecker, .M, et al, medbs, 7:8-14 (2015)).

Currently, the most commeonly utilized route of administration of therapeutic
antibodies is intravenous (V) infusion. However, subcutaneous injection is being
increasingly used for patients with chronic diseases who require frequent dosing. Ready-to-
use pre-filled syringes or auto-injecior pens allow patients to scif-administer therapeutic
antibodies. Antibody formulations for subcutaneous injection are typically more
concentrated than TV infusion since subcutaneous injection is one bolus adminisiration
(typically [-1.5 mL} in contrast to a slow intusion of antibody over time in the case of IV
infusion.

A comumon challenge encountered with the production of highly concentrated
therapentic monocional antibodies is high viscosity (Tomar, D5, et al., mdbs, 8:216-228
{(2016)). High viscosity can cause increased injection time and increased paip at the site of
the injection. Tn addition to problems with administration, highly viscous antibodies also
pose problems during bioprocessing of the antibody solution, High viscosity can increase
processing time, destabilize the drug product, and increase manufachiring costs. Short range
electrogiatic and/or hvdrophobic protein-protein interactions and clectroviscous effects can
influence concentration-dependent viscosity behavior of antibodies.

Characterizing the conformation and structural dynamics of an antibody can be a
major analytical challenge. Many available structural techniques are either highly
sophisticated, requiring very specialized skills and large amounts of sample (> uM
guantities), or are of low resolution, making detatled stroctural analysis difficult. As a result,
i is desirable to bave technigues available that can probe protein stracture with low sample
requirements, good resclution, and relatively fast wirnaround time.
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Therefore, it is an object of this invention to provide methods for identifying regions
of proteins that contribute 1o the viscosity of formulations of that protein.

¥ is ancther ohject of the invention to provide methods for modifying viscosity of
concentrated protein solutions.

SUMMARY OF THE INVENTION

Systemns and methods for determining regions of proteins that contribute to the
viscosity of formulations of those proteins are provided. Methoeds for modifying the viscosity
of concentrated protein formulations are also provided.

Ome embodiment provides a method for identitving regions in a protein that
contribuie to the viscosity of the protein by microdialysing samples of the proteinin a
microdialysis cartridge against a buffer containing deuteriurg for at least two different time
periods. The microdialysis is subsequently quenched, The quenched samples are then
analyzed using an hydrogen/deuteriom exchange mass speciromelry system fo determine
regions of the protein in the sample that have veduced levels of deuterium refative to other
regions of the protein. The regions of the protein that have reduced levels of deaterium
contribuie to the viscosity of the protein,

In certain embodiments, the samples of profein bave a concentration of between 10
mg/ml, to 200 mg/ml of the protein,

In some embodiments, the samples of protein are microdialysed in a buffer having a
pH between 5.0 and 7.5, A preferred buffer for the sarples of protein is 10 mM Histidine at
pH 6.0. An exemplary deuterhum containing bulfer includes denterium in 10 mM Histidine at
pH 6.0, Typically, the microdialysis is performed at 2 to 6 °C, preferably at 4 °C. In some
embodiments the microdialysis is performed at 20 o 25 °C. Different samples can be
dialysed for different lengths of time, for example one sample can be dialysed for 4 hours and
another sample can be microdialysed for 24 hours. In some embodiments, the samples are
diabysed for 30 min., 4 hours, 24 howurs or overnight, L.e., 26 hours.

In certain embodiments, the quenching step is typically performed at -2 (6 2 °C for 1
to 5 minutes.

In some embodiments, the method includes the step of digesting the protein into
peptides before mass spectrometry analysis,

Another embodiment provides a methed of modifying the viscosity of a protein drug,
by identifying regions of the protein drug that contribute to the viscosity of the protein drug
according to the disclosed methods and modifying the regions of the protein drug that are
identified as contributing 1o the viscosity of the protein drug to modify the viscosity of the
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protein drug. The regions identified as contribuling to the viscosity of the drug can be
modified by subsiituting one or more amine acids in the at least one region to reduce or
increase the viscosity as desired.

The protein or protein druog can be an antibody, a fusion protein, a recombinant
protein, or a combination thereof. In one embodiment, the protein drug is & concentrated
monoclonal anitbody.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is a line graph showing viscosity (¢P) of mAbl as a function of
concentration mg/mL). Figure IB i3 a line graph showing viscosity (¢P} of mABb2 as a
function of concentration {mg/mL}.

Figure 24-2F is a schematic of an exemplary microdialysis based HDX-MS protocal.
Microdialysia cartridges (Figare 2A) are obtained, DO butfer is added 1o a decp-well plate
{(Figure 2B), samples are loaded into the microdialysis cariridges (Figure 2C), the
microdialysis cartridges are loaded into the deep-well plate (Figure 2D, samples are
incubated in the DO butfer for various time points (Figure 2E), and the samples are removed
for MS analysis (Figure 2F).

Figures 3A-3F are exemplary spectrograms of deuteriom uptake over time in non-
CDR mAbl samples at 15mg/mL concentrations (Figures 3A-3C)Y and 120mg/mL
concentrations (Figures 3D-3F} 0 hours (Figures 34 and 3D), 4 hours (Figures 3B and 3E), or
24 hours (Figures 3T and 3F) after devterium incubation. Figures 3G-31 are spectrograms of
deuvterium uptake over time in non-CDR mAbl samples at 15mg/ml. concentrations (Figures
3(-31) and 120mg/ml concentrations (Figures 31-3L) 0 hours (Figures 3G and 33}, 4 hours
{Figures 3H and 3K}, or 24 hours (Figures 31 and 3L} afer deuteriom incubation. Figures
3M and 3N are deuterium uptake plots showing deuterium uptake % versus time thes) for 15
me/ml (¢} and 120 mg/rol. (B) for mabl HC36-47 and mAbl LO42-53,

Figures 4A-4B and 4E-4F are butterfly plots showing relative deuterium uptake in
heavy chain CDR regions for mAbT (Figures 4A and 4E) and mAb2 (Figures 4B and 4F)
after 4 hours or Z4 hours of deuterium jocubation. The top plots represent 120 mg/ml
sample concentration and the bottom plots represent 15 mg/ml sample concentration, The X
axis represents peptide number and the Y axis repressuts differential denterium uptake (36).
Figure 4C-4D and 4G-4H are residual plots showing relative devterium uptake i heavy chain
COR regions for mAbT (Figures 4C and 4G) and mAb2Z (Figures 4D and 4H) afier 4 howrs or
24 hours of deuterium incubation. The top plots represent 120 mg/mL sample concentration

and the bottom plots represent 15 mg/mL sampie concentration. The X axis represents
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peptide number and the Y axis vepresents differential denterium uptake (%), Figures 4G-4H
are residual plots of deuterium uptake in mAb] light chain (Figore 40G) and mAb2 light chain
{Figure 4H) afier 4 hours or 24 hours of incubation. The X axis represents peptide number
and the Y axis represents differential deuterium uptake (3%6).

DETAILED DESCRIPTION OF THE INVENTION
L Definitions

The use of the terms "a," "an,” "the,” and similar referents in the context of deseribing
the presently claimed invention (especially i the context of the claims) are 1o be eonstrued o
cover both the singular and the plural, uniess otherwise indicated herein or clearly
contradicted by context.

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

Use of the term "about” is intended to describe vahues sither above or below the stated
vakue in 8 range of aporox. +/~ 10%; in other embodiments the values may range in value
gither above or below the stated value in a range of approx. +/~ 5%; in other embodiments
the values may range in value either above or below the stated vahue in a range of approx. +/-
2% in other embodiments the values may range In value either above or below the stated
vahue in a range of approx. -+~ 1%6. The preceding ranges are intended to be made clear by
context, and no {urther Hmitation is implied. Al 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 ilhuninate the fnvention and does not pose 2 limitation on
the scope of the invention unless otherwise clatmed. No language v the specification should
be construed as indicating any non-claimed elerent as essential 1o the practice of the
invention.

As used herein, “protein” refers to a molecule comprising two or more amino acid
residues joined to each other by a peptide bond. Protein includes polypeptides and peptides
and may also inchide modifications such as glyeosylation, lipid attachment, sulfation,
gamma-carboxylation of ghitamic acid residues, alkylation, hydroxylation and ADP-
ribosylation. Proteins can be of scientific or commercial mterest, including protein-based
drugs, and proteins include, among other things, snzymes, Hgands, receptors, antibodies and

chimeric or fusion proteins. Proteins are produced by various types of recombinant calis
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using well-known cell culture methods, and are generally introduced into the cell by
transfection of genetically engineering mucleotide vectors {e.g., such a3 a sequence cocoding
a chimeric protein, or a codon-optimized sequence, an intronless sequence, eic.), where the
vectors may reside as an episome or be intergrated into the genome of the cell.

“Antibody” refers fo an immunoglobulin molecule consisting of four polypeptide
chains, two heavy (H) chains and two lght (1} chains inter-connected by disulfide bonds.
Hach heavy chain has a beavy chain variable region (HCVR or VH) and a heavy chain
constant region. The heavy chain constant region contains three domains, CHI, CH2 and
CH3. Each light chain bas a light chain variable region and a light chain constant region. The
tight chain constant region consisis 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}. Each VH and VL is composed of three CDRs and four FRs, srranged from amino-
terminus to carboxy-terminus in the following ovder: FRI, CDR1, FR2, CDR2, FR3, CDR3,
FR4. The term "antibody” includes refercoce to both glycosylated and non-ghveosylated
immunoglobulins of any isotype or subclass. The term “antibody” fncludes 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 inchudes
bispecific antibody, which includes a heterotetrameric immunoglobulin that can bind to more
than one different epitope. Bispecific antibodies are generally deseribed in US Patent
Application Publication No. 2010/0331527, which is incorporated by reference into this
application.

A CCDR” or complementarily deternuning region is a region of hypervariahility

Lo

interspersed within regions that are more conserved, termed “framework regions” {FR). The
FRs may be identical to the human germline sequences, or may be natorally or artificially
modified.

As used herein, “viscosity” refers to the rate of transfer of momentum of liquid. Ttisa
quantity expressing the magnitude of internal friction, a3 measured by the force per unit area
resisting a How in which parallel layers onit distance apart has unit speed relative to one
ancwher, In lguids, viscosity refers to the “thickness”™ of & liguid.

The term “HIX-M3" refers to hydrogen/denterium exchange mass spectrometry,

As used herein, “dialysis”™ is a separation technique that faciliiaies the removal of
smali, vnwanted compounds from macromolecules in solution by selective and passive

diffusion through a semi-permeable membrane. A sample and 2 buffer solution {called the
& & y
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dialysate, usually 200 to 500 times the volume of the sample) are placed on opposite sides of
the membrane. Sample molecules that are larger than the mermbrane-pores are relained on
the sample side of the membrane, but small molecules and buffer salts pass freely through the
membrane, reducing the concentration of those molecules in the sarople. Once the Hauid-to-
Hguid interface {(sample on one side of the membrane and dialysate on the other} is initiated,
all molecules will try to diffuse in either direction across the membrane to reach equilibrium,
Diatysis {diffusion) will stop when equilibrivm is achieved. Dialysis systems are also used
for buffer exchange.

The term “microdialysis™ refers fo the dialysis of samples having a volume of less
than one milliliter.

“D3207 is an abbreviation for deuterated water. It is also known as heavy water or
deuterivm oxide, D203 contains high amounts of the bydrogen isctope denterium instead of
the common hydrogen isotope that makes up most of the hydrogen in normal water.
Dewterium is an isotope of hydrogen that is twice as heavy due to an added peutron,

iL Methods for Identifying Reglons of Proteins that Coniribute to Viscosity

Systemns and methods for determining regions of proteins that contribute to the
viscosity of formulations of those proteins are disclosed hevein. Methods for modifving the
viscosity of concentrated protein formulations are also provided. The development of highly
concentrated therapeutic monoclonal antibodies is paramount for subcutaneous delivery of
monoclonal antibody therapeutics. However, high viscosity is 8 concern in the production of
concentrated monocional antibody therapeutios. There i a need to develop computational
and experimental tools to rapidly and efficiently determine the concentration-dependent
viscosity behavior of candidate therapeutics early in the development process.

Al Microdialysis-Hydrogen/Deunterium Exchange Mass Specirometry

During the course of development, a therapeutic monocional antibody can exhibit
unusually bigh viscosity, for example at concentrations >100 mg/ml, when compared to other
similar monoclonal antibodies. This may be due to the characteristic short range electrostatic
and/or hydrophobic protein—protein interactions of the monoclonal antibody under high
concentrations. Hydrogen/deuterivm exchange mass spectrometry (HDX-MS) is a useful
too! to investigate protein conformation, dynamics, and interactions. However, the
conventional dilution Jabeling HDX-MS analysis has a Hmitation on analyzing uousual
behaviors that only occur at high protein concenirations,

In order to probe profein-profein interactions govering high viscosity of monocional

antibodies at a bigh protein concentration with HOX-MS, a passive, microdialysis based
f
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HOX-MS method to achieve HDX labeling without D0 buffer dilution was developed,
which allows for the profiling of characteristic molecular interactions at different protein
concenirations. One embodiment provides a method for identifying regioms of proieing that
condribute to viscosity by microdialysing samples of the protein in a microdialysis cartridge
against a buffer containing deuterium for at least two different time periods. The
microdialysis is subseguently quenched. The quenched samples are then analyzred using an
hydrogen/deuterium exchange mass spectrometry system to determine regions of the proiein
in the sample that have reduced levels of deuterium relative to other regions of the protein,
The regions of the protein that have reduced levels of deuterium contribute to the viscosity of
the protein.

In one embodiment, proteins with high viscosity behavior can be optimized to reduee
or efirninate the high viscosity behavior. Methods of optimizing protein drugs or antibodies
nchude but are not limited to opttraizing the amino acid sequence to reduce viscosity, altering
the pH or salt content of the formulation, or adding an excipient.

In one embodiment, nuiltiple therapeutic protein or antibody formulations can be
iested to determine the most prooising candidate to move forward in production. High and
low concentration samples of each protein or antibody are produced. In one embodiment, a
high protein or antibody concentration is >50 mg/mL. The high concentration can be 100
mg/mb, 110 mg/ml, 120 vog/ml, 130 mg/l, 140 mg/ml, 150 mg/ml, 160 mg/ml, 170
mg/mL, 180 me/mL, 190 me/mL, 200 mg/ml, or >200 mg/mL. In one embodiment, a fow
antibody concentration is <15 mg/ml. The low concentration can be 15 mginl, 18 mg/ml,
9 mg/mk, R mgimkl, 7 mg/mb, 6 mg/ml, S mgiml, 4mg/ml, 3 mg/ml, 2 mg/mL, I mg/ml,
(1.8 mg/mL, or <{.5 mg/mL.

More details in the steps of the disclosed methods are provided below,

i. Hydrogen/Deuterium Exchange

Hydrogen/denterinm exchange is a phenomenon in which hydrogen atoms af labile
positions in profeins spontanecusly change places with hydrogen atoms in the swrrounding
solvent which containg deuterium ions (Houde, 1. and Engel, 1R, Methods Mol Biol,
O88:268-289 (2013)). DX wkes advantage of the three types of hydrogens in proteins:
those in carbon-hydrogen bonds, those in side~chain groups, and those in amide functional
grovps (also called backbone hydrogens), The exchange rates of hydrogens in carbon-
hydrogen bonds are too slow to observe, and those of side-chain hydrogens {e.g., OH,
COOH) are so fast that they back-exchange rapidly when the reaction is quenched in HaQO-

¥

based sohition, and the exchange is not registered. Only the backbone hydrogens are useful
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for reporting protein structure and dynamics because their exchange vales are measureable
and reflect hydrogen bonding and solvent accessibility, Amide hyvdrogens play a key role in
the formation of secondary and tertiary structure elements. Measurements of their exchange
rates can be interpreted in terms of the conformational dynamics of individual higher-order
structural elements as well as overall protein dynamics and stability.

Exchange rates reflect on the conformational mobility, hydrogen bonding strength,
and solvent accessibility in protein structure, Information about protein conformation and,
most importantly, differences in protein conformation between two or more forms of the
same protein can be extracted by moonitoring the exchange reaction. The exchange rate is
temperature dependent, decreasing by approximately a factor of ten as the temperature is
reduced from 25°C to 0°C. Consequently, under pH 2--3 and at (0°C {commonly referred to
as “guench conditions”} the half-iife for amide hydrogen isotopic exchange in an unstructured
polypeptide is 36-90 mun, depending on the solvent shielding effect caused by the side
chaing. Fydrogen has a mass of 1.008 Da and deuterium (the second isotope of hydrogen})
has a mass of 2.014 Da, hydrogen exchange can be followed by measuring the mass of &
protein with a mass specirometer.

In one embodiment, hydrogen/deuterivm exchange rate is used to determine viscosity
behavior of protein or antibody therapeutics.

1. Microdialysis

Classical continuous HIBX labeling via dilution is not applicable in the analysis of
highly concentrated protein solutions. One embodiment herein provides an alternative
method of HDXX fabeling for the use with high conceniration protein solutions. HDXX labeling
in a microdialysis plate facilitates the analysis of highly concentrated protein solutions. In
addition, the use of a microdialysis plate reduces the consunption of samples and D20
compared to traditional dialysis devices (Houde, D., ¢t al,, ] Am Soc Mass Spectrom,
2T(4):669-76 {2016)). The microdialysis plate can be a commercially available microdialysis
plate, for example Plerce™ 86.well Microdialysis Plate.

In one embodiment, microdialysis HDX exchange is used o analyze highly
concentrated protein solutions, The samples are loaded into the microdialysis cartridge of the
microdialysis plate. IhO buffer is added 1o 3 deep-well plate or other suitsble vessel. The
microdialysis cartridges containing the protein samples are added to the buffer and allowed to
incubate for at feast 4 hours, The samples can incubate for 05,1, 2,3, 4, 5,6, 7,8, 9, 10, 11,
12,13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, or more than 24 hours. The dialysis system
ailows for passive diffusion of the buffer into the cariridge containing the sample so as to not
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dihute out the sample as is common in traditional continuous HIX labeling wherein large
quantities of buffer are required. During the incubation step, deuterium in the D20 buffer
enters into the cartridge containing the sample and is exchanged with hydrogens i the
backbone amides of the protein samples. After the incubation step, samples are collected
from the microdialysis cartridge.

3, Sample Preparation

Once the dialyzed samples are removed from the microdialysis cartridge, the HDX
reaction can be terminated by quenching the samples. In one embodiuent, quenching is
achieved by adding quench buffer to the sumples. The guenching buffer can contain 6M
GinHCl and 6.6M TCEP in H20, pH 2.5, In one embodiment, the quenching buffer contains
8 M Urea, 0.6M TCEP in 0, pH 2.3, In ancther embodiment, the pH of the final quenched
sofution is 2.5,

I one embodiment, decreasing the reaction temperature can also quench the HDX
reactinn. The reaction can be carried out at 0°C. The exchange rate decreases by & factor of
tens as the temperature is reduced from 25°C to 0°C. In one embodiment, the quenching
reaction is carried out at or below 00°C,

After quenching, the samples can be diluted for downstream mass spec analysis.
Samples can be diluted in 0.1% formic acid (FA) in H2O or any other suitable diluent for use
in mass spectrometry. The samples are then processed by & mass spectrometer,

4, Mass Spectrometry

In one embaodiment, mass specirometry 1s used for determining the mass shifls
induced by the exchange of bydrogen by deuterium {or vice versa) over trme. Hydrogen has
a mass of 1.008 Da and deuterium has a mass of 2.014 Da, therefore hydrogen exchange can
ke followed by measuring the mass of a protein with 2 mass spectrometer. Proteins or
autibodies that have incorporated deuterjum will have an increased mass compared to the
native protein or antibody that has not been incubated in 20, Generally, the level of
exchanged hydrogen reflects the flexibility, solvent accessibility, and hydrogen bonding
interactions in profein structures.

In soms embodiments on-fine digestion is employed to cleave larger proteins or
antibodies into smaller fragments ot peptides. Commonly used enzymes for on-line digestion
include but are not limited to pepsin, trypsin, trypsin/Lys-C, 1Lys-C, Lys-C, and Asp-N.

In one embodiment, the digested proteins or antibodies are subjected to mass
spectrometry analysis. Methods of performing mass spectrometry are known in the art. See
for example (Aeberssold, M., and Mamn, M., Notre, 422:198-207 (20031 Commuonly
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utifized types of mass spectrometry inchude but are not limited to tandem mass specirometry
{MS/MS), elecirospray ionization mass spectrometry, lquid chromatography-mass
spectrometry {LC-MS), and Matrix-assisted laser desorption fontzation (MALDI.

i1, Methods for Modifying Protein Viscosity

One embodiment provides a method of modifying the viscosity of a protein drug, by
identifying regions of the protein drug that contribute to the viscosity of the protein drug
according to the disclosed methods and modifying the regions of the protein drug that are
identified as coniributing to the viscosity of the protein drug to modify the viscosity of the
protein drug. The regions identified as contribuiing to the viscosity of the drug can be
modified by substituting one or more amino acids in the at least one region to reduce or
inerease the viscosity as desired.

For example, the light chain, heavy chain, or complementarity determining regions of
an antibody can be modified to reduce the viscosity of concentrated formulations of the
antibody. An exemplary concentrated formulation has a concentration of antibody that is
greater than 50 mg/mL, preferably 100 mg/mL or greater.

Cther modifications of the protein or antibody drug include chemical modifications fo
amino acids in the region of the protein or antibody determined to contribute to the viscosity
of the protein or antibody drag.

I one embodiment the protein, antibody, or drug produet is or contains one or more
proteins of interest suitable for expression in prokaryotic or eukaryotic cells. For example,
the protein of interest inchudes, but is not Hmited {o, an antibody or antigen-binding fragment
thereof, a chimeric antibody or antigen-binding fragment thereof, an ScFv or fragment
thereof, an Fe-fusion protein or fragment thereot, a growth factor or a fragment thereof, a
cyiokine or a fragment thereef, or an extracellular domain of a cell surface receptor or a
fragment thereof. Proteins of inferest may be straple polypeptides consisting of a single
subunit, or complex multisebunit proteins comprising fwo or more subunits, The protein of
interest may be a biopharmaceutical produet, food additive or preservative, or any protein
product subject to purification and guality standards.

In some embodiments, the protein of interest is an antibody, a human antibody, a
humanized antibody, a chimeric antibody, 2 monocional antibody, a multispecifie antibody, a
bispecific antibody, an antigen binding antibody fragment, s single chain antibody, a diabody,
triabody or tetrabody, a dual-specific, tetravalent immunoglobulin G-like molecule, termed
dual variable domain imownoglobuhin (DVD-IG), an gD antibody, an 1gE antibody, an IgM

antibody, an IgG antibody, an 1gG1 antibody, an 192 antibody, an 1gG3 antibody, or an
i
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IgG4 antibody. In one embodiment, the antibody is an IgG1 antibody. In one embodiment,
the antibody is an 1gG2 antibody. In one embodiment, the antibody is an 1gG4 antibody. in
another embodiment, the antibody comprises a chimeric hinge. In still other embodiments,
the antibody comprises a chimeric Fe. In one embodiment, the aniibody s a chimerie
1gG2/1aG4 antibody. In one embodiment, the antibody is a chimeric IgG2/IgG1 antibody. In
one embodiment, the antibody is a chimeric 1gG2/1gGHIgG4 antibody.

In some embodimenis, the antibody is selected from the group consisting of an anti-
Programmed Cell Death 1 antibody {e.g. an anti-PD1 antibady as described in U.S. Pat.
Appln. Pub. Ne, USZ015/6203579A1), an anti-Programmed Cell Death Ligand-1 {e.g., an
anti-PI-L1 antibody as described in in U.S. Pat. Applo. Pub. No. US2015/0203380A1), an
anti-Di4 antibody, an anti-Angiopostin-2 antibody (e.g., an anti-ANG2 antibody as described
in U.8. Pat. No. 2,402,898), an anti- Angiopoetin-Like 3 antibody (e.g., an anti-AngPtl3
antibady as described in U.S. Pat. No, 9,018,356), an anti-platelet derived growth factor
receptor antibody (e.g., an antti-PDGFR antibody as described in ULS, Pat. No. 9,265,327}, an
anti-Erb3 antibody, an anti- Prolactin Receptor antibody {e.g., anti-PRLR antibody as
described in U.8. Pat. MNo. 9,302,015}, an anti-Complement 5 antibedy (s.g., an anti-C5
antibody as described n 1.5, Fat. Appin. Pub. No US2015/0313194A1), an anti-TNF
antibody, an anti-epidermal growth factor receptor antibody {e.g., an anti-HGFR antibody as
described in U.S. Pat. No. 9,132,192 or an anti-EGFRvI antibody as described in ULS, Pat
Appln. Pub. No, US2015/40259423 A1), an anti-Proprotein Convertase Subiilisin Kexin-8
antibody (e.g., an ant-PCSKQ antibody as deseribed in U8, Pat. No. 8,062,640 or U8, Pat.
N, 9,340,448}, an Anti-Growth and Differentiation Factor-8 antibody (e.g. an anti-GIDFE
antibody, also known as ant-myostatin antibody, as described in U.5. Pat Nos. 8,671,209 or
9,260,515, an anti-Glucagon Receptor {e.g. anti-GCGR antibody as deseribed in ULS. Pat.
Appin. Pub. Nos. US2015/0337045A1 or US2016/0075778A1), an anti-VEGY antibody, an
anti-ILIR antibody, an interleukin 4 receptor antibody {e.g., an anti-IL4R antibody as
described in 1.5, Pai. Appin. Pub. No. US2014/0271681A1 oy U5, Pat Nos. 8,735,095 or
%,845,559), an anti-interleukin 6 receplor antibody {e.g., an anti-ILOR antibody as described
in U.S. Pat. Nos. 7,582,298, 8,043,617 or 9,173,880}, an anti-IL1 antibody, an angi-1L2
antibody, an anti-IL3 antibody, an aoti-IL4 antibody, an anti-ILS antibody, an anti-ILS
antibody, an anti-1L7 antibody, an anti-interleukin 33 {e.g., anii- 1L33 antibody as described
in U.S. Pat. Nos. 9,453,072 or 2,637,535}, an anti-Respiratory syncytial virus antibody {e.g.,
anti-RSV antibody as described in U.S. Pat. Applin. Pub. Mo. 9,447,173}, an anti-Cluster of
differentiation 3 {e.g., an anti-CD3 antibody, as described in U.S. Pat. Mos. 9,447,173and
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9,447,173, and in U8, Application No. 62/222,605), an anti- Cluster of differentiation 20
{e.g., an anti-CD2{ antibody as deseribed in ULS. Pat. Nos. 8,657,102 and
US20150266966A1, and in UK. Pat. No. 7,879,984}, an anti-CI19 antibody, an anti-CD28
antibody, an anti- Chister of Differentiation-48 (e.g. andi-CD48 antibody as described in 118,
Pat. No. 9,228,014}, an anti-Fel d] antibody (e.g. as described in U.S. Pat. No. 8,079,848), an
anti-Middle East Respiratory Syndrome virus {e.g. an anti-MERS antibody as described in
LIS, Pat. Appin. Pab, Neo, US2015/0337029A1), an anti-Ebola virus antibody {(e.g. 13
deseribed in U.S. Pat. Applo. Pub. No. US2016/0215040), an anti-Zika virus antibody, an
anti-Lymphocyte Activation Gene 3 antibody (e.g. an anti-LAG3S anitbody, or an anti-CD223
antibody), an anti-Nerve Growth Factor antibody {e.g. an anti-NGF antibody as deseribed in
U.S. Pat. Applo. Pub. No. US2016/001 7029 and U.S. Pat. Nos. 8,309,088 and 9,353,176) and
an anti-Protein Y antibody, In some embodiments, the bispecific antibody s selecied from
the group consisting of an anti-CD3 x anti-CD20 bispecific antibody (as described in U.S.
Pat. Appin. Pub. Nos, US20:4/0088295A1 and USZO15G266966A 1), an anti-CD¥3 x anti-
Mucin 16 bispecific antibody {e.g., an anti-CD3 x 3ot-Muc 16 bispecifie antibody), and an
anti-CI3 ¥ anti~ Prostate-specific membrane antigen bispecific antibody {(e.g., an anti-CD3 x
anti-PSMA hispecific antibody). In some embodiments, the profein of interest is selected
from the group consisting of abeiximab, adaliroumab, adalinnimab-atto, ado-trastuzamab,
alerotuzamab, alirocumab, atezolizumab, avehimab, bastidmab, belinnimab, benralizumab,
bevacizumab, bezlotoxumab, blinatimomab, brentuximab vedotin, brodalumab,
canakinumab, capromab pendetide, certolizumab pegol, cemiplimab, cetiximab, denosumab,
dinutuximab, dupilomab, dorvahimab, ecalizumab, elotomuimab, emicizmmab-kxwh,
emtansinealirocumab, evinacumah, evolocumab, fasinumab, goliroumab, guselkumalb,
ibritamomab tiuxetan, idarucizumab, infliximab, infliximab-abda, infiikimab-dyvb,
ipilinnumab, bxekizumab, mepolizomab, necitumumab, nesvacumab, nivolumab,
obiltoxaximab, ohinutuzumab, ocrelizumab, ofatumumab, olaratumab, omalizumab,
panitumomab, pembrolizimab, pertuzumab, ramucirumab, ranibizomab, raxibacurmab,
resfizumab, rinucumab, rituximab, saritumab, secukinumab, sibuximab, tocilizumab,
tocilizumab, trastuzumab, trevogromab, ustekinumab, and vedolizumab.

in some embodiments, the protein of interest is 4 recombinant protein that contains an
Fe moiety and ancther domain, {e.g., an Fe-fusion protein}. In some embodiments, an Fe-
fusion protein is a receptor Fe-fusion protein, which containg one or more extracelbular
domain{s) of a receptor coupled 1o an Fo motety. In some embodiments, the Fo molety

comprises a hinge region followed by a CHZ and CH3 domain of an 1gG. In some
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embodiments, the recepior Fe-fusion protein contains two or more distinet receptor chaing
that bind to either a single ligand or multiple ligands. For example, an Fe-fusion proteinis a
TRAP protein, such as for example an IL-1 trap (e.g., rilonacept, which condains the IL-
1RACP ligand binding region fused to the I-1R1 extracellular region fused to Fe of higGi;
see U.S. Pat. No. 6,927,004, which is herein incorporated by reference in its entirety), or a
VEGF trap {e.g., aflibercept or ziv-aflibercept, which comprises the Ig domain 2 of the VEGF
receptor Fltl fused to the Ig domain 3 of the VEGY receptor FIk1 fused to Fe of higGl; see
10,8, Pat. Nos. 7,087,411 and 7,279,159). In other embodiments, an Fe-fusion protein is 3
SeFv-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 Fo motety.

In one embodiment, the protein drug s a concentrated mwonoclonal antibody.

EXAMPLES
Example 1, Microdialysic HIX Mass Spectremetry

Materials and Methods

mAb] and mABL2 were diloted in 10 mM histidine (pH 6.0} to create high
concentration samples {120 mg/mL) and low concentration samples (18 mg/mL). 160 plof
each sample was loaded into a microdialysis cartridge. The cartridge was inserted into a
deep-well plate containing D20 buffer and incubated for 4 or 24 hours at 4°C. After
incubation, 5 ul of each dialvzed sample was quenched by adding guench buffer to the
sample, according o Table 1. Quench buffer contains 6M GlnHCV0.6 M TCEP in 100%
D:0. The gquenching reaction was carried out al 0°C for 3 minutes. 10 ul of each quenched
sapiple was difuted with $.1% FA in IO, according to Table 1. 70 ul of each sample was
ipaded onto HDX system.

Table 1. Sample buffers and ditution volumes.

Sample Yolume of Guench Buffer | Volume of Dilution Buffer Engect’n@
Arsount

128 mg/mL §ul =295 pl 2 mg/mb) 10 pL -2 130 pl (0.1 mg/mbl) 0wl (7 ug)

{5 rapfral. 3 ul 370 pL (1 mg/mb} 20 uL 2120 L {61 mpfal) v 70wl {7 ug
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Monoclonal antibody 1 (mAb1) exhibited umusually high viscosity at concentrations
>100 mg/mL, when compared to other monocional antibodies at the development stage
{Figures 1A~-1B). To probe profein-protein inleractions governing the high viscosity of
mAbi ai a high protein concentration, a passive, microdialysis based HDX¥X-MS method was
developed o achieve HDX labeling without DO buffer dilution, which allows profiling
molecular interactions at different protein concentrations (Figure 248-2F),

A significant decrease in deuterium was observed in the high concentration samples
{120 mg/mL) compared to the control samples (15mg/mL) at the three heavy chain
complementary determining regions and light chain CDR2 for mAb] (Figires 34-3N, Table
2 and Table 3). This resuit indicates that these CERs may be involved in specific
intermolecular interactions that could cause the unusually high viscosity observed with
mAbi. To confirm that these CDRs are the cause of high viscosity, the disclosed method was
applied {0 investigate protein-protein interactions at high concentration of mAb2 which has
the sarme amino acid sequence as mADbl except for CDRs and has a low viscosity (Figures
4B, 4D, 4F, and 4H). Unlike mAbl1, no differential deuterium uptake was obsarved between
the high concentration of mAbZ samples and the low concentration mAb2 samples, further

coniirouing that the CDRs of mAb] caused the high viscosity at high concentrations.

Tabie 2. Relative deuterium uptake in non-CDR mAb] peptide over time.

mALkl non-CEBR Relative Denterium Uptake (%)
Time Paint 15 mg/ml 120 me/m}
§hr % 6o% 0.0 %
4 irs 367 % 3.2 %
Vi kLY T

Table 3. Relative deuterfum uptake in LC-CDR mADbI peptide over time,

mAbl LC-CDR Relative Beuteriom Uptake (9%6)
Time Paint 15 mg/ml 128 mgfmi
& hr 0.0% 0.0 %
4 hrs 49.8 % 301 %
24 brs " 65.6% 522%
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While in the foregoing specification this invention has been described in relation to

certain embodiments thereof, and many details have been put forth for the purpose of

N

illustration, it will be apparent to those skilled in the art that the fnvention is susceptible to
additional embodiments and that certain of the details described herein can be varied

considerably without depariing from the basic principles of the invention.

Al references cited herein are incorporated by reference in their entivety. The present
i} invention may be embodied in other specific forms withouot departing from the spirit or
essential attributes thereof and, accordingly, reference should be made to the appended

claims, rather than to the foregoing specification, as indicating the scope of the nvention.



