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Hydrophobic interaction chromatography-high perfor-
mance liquid chromatography (HIC-HPLC) is a powerful ana-
lytical method used for the separation of molecular variants
of therapeutic proteins. The method has been employed for
monitoring various post-translational modifications, including
proteolytic fragments and domain misfolding in etanercept
(Enbrel®); tryptophan oxidation, aspartic acid isomerization,
the formation of cyclic imide, and a amidated carboxy ter-
minus in recombinant therapeutic monoclonal antibodies;
and carboxy terminal heterogeneity and serine fucosylation
in Fc and Fab fragments. HIC-HPLC is also a powerful analyti-
cal technique for the analysis of antibody-drug conjugates.
Most current analytical columns, methods, and applications
are described, and critical method parameters and suitability
for operation in regulated environment are discussed, in this
review.

Introduction

Therapeutic proteins are complex recombinant biopolymers
typically composed of an arrangement of the 20 genetically-
encoded amino acids.! The amino acid sequence defines the pro-
tein three-dimensional structure and functional interface with
interacting proteins. In the course of fermentation, purification,
upon storage and handling, and during forced degradation studies,
protein products will undergo a number of degradations. These
degradations may include a combination of amino acid side chain
enzymatic or chemical posttranslational modification (PTM),
aggregation, and proteolytic cleavage.”? Monitoring these post-
translational modifications during manufacturing and stability
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is required by health authorities. The availability of selective and
robust analytical methods designed for quantifying these PTMs
is therefore of prime importance. A wide array of analytical tech-
niques are readily available to achieve extensive characterization
of recombinant proteins in the non-GMP environment, but may
require subsequent qualification, and full validation according
to the International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human Use
(ICH) guidelines, as products are launched on the market.?

A technique critical to molecular variant characterization
is hydrophobic interaction chromatography (HIC)-high per-
formance liquid chromatography (HPLC). Retention and elu-
tion mechanisms of protein therapeutics from HIC matrices are
well-understood and have been thoroughly described.*> Similar
to RP-HPLC, retention of a protein of interest reflects its over-
all hydrophobicity; the more hydrophobic proteins needing less
hydrophobic column matrices or less retentive mobile phase condi-
tions. However, HIC-HPLC has four major differences compared
with RP-HPLC: (1) retention to the HIC column is solely due to
the interaction between amino acid residues located at the surface
of the molecule and the column matrix; (2) differences in reten-
tion time between variants of the same molecule may therefore be
the result of conformational changes, triggered or not, by a PTM;
(3) HIC-HPLC is a non-destructive analytical method, where
collected fractions can be assessed for their biological function;
and (4) elution from the HIC-HPLC column is not driven by an
increasing relative amount of organic solvent, but rather by gradual
weakening of matrix/solute hydrophobic-hydrophobic interactions
by a reverse gradient of ammonium sulfate or equivalent.

HIC-HPLC Columns Commercially Available
HIC-HPLC remains a specialty application and a limited

number of columns and manufacturers are available. Columns,
solid phase description and applications are indicated in Table 1.
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Table 1. HIC-HPLC Columns and Analytical Applications for mAbs and related molecules

Column Solid phase Particle/pore size Application References
Trp oxidation, Asp
A ) . P isomerization, succinimide
Dionex Propac propnetary ethyl/amide basgq 5 um, BQOA pore in mAbs, Carboxy terminus 6-9
HIC-10 chemistry on non-endcaped silica size I )
processing in Fc, serine
O-fucosylation
proteolytic cleavage
TSKgel butyl-NPR | butyl on polymethacrylate base material 25 pm, aggregates, rmsfolded 10,11
(non-porous) domains.
o Asp isomerization in mAbs,
hZ:KI?ZIPW phenylon porlTi/::eertizlacrylate base 10 pm, 122% POT€ 1 Fab N-glycosylation, free thiol 12-14
pheny in Fab
poly ethyl ether on polymethacrylate 10 um, 1000A pore (Fab), purification, Antibody
TSKgel ether-5PW 2 151
SKgel ether-5 base material size drug conjugates >16
POROS HP2/20 phenyl on Polystyrc'ened|V|nylbenzene 20 pm, SOO—.‘IOOOOA N/A 17
particles pore size
PolyLC ethyl ethyl/aspartamide on silica > pm, 1900A pore N/A 18
Aspartamide size
PolyLC mthyI methyl/aspartamide on silica > pm, K.)OOA pore N/A 18
Aspartamide size
PolyLC propyl . . 5 wm, 1000A pore
Aspartamide propyl/aspartamide on silica size N/A 18

N/A, no reported applications for antibodies and variants thereof.

Analytical Applications: Monitoring Proteolytic
Fragment, Aggregation and Misfolding
of a Fc Fusion Protein

Etanercept (Enbrel®) is a marketed recombinant therapeu-
tic protein. It is a fusion protein between the Fc domain of a
human IgG1 antibody and two monomers of the human tumor
necrosis factor (TNF) receptor-2 soluble domain.” Each of the
TNF receptor monomers are complex structures subject to mis-
folding, incorrect formation of the possible 22 disulfide bridges
and proteolytic cleavage during fermentation. HIC-HPLC
using the TSKgel butyl-NPR column is a method implemented
for describing the molecule purity during fermentation, purifi-
cation and batch release.!” Etanercept and its molecular variants
are eluted in a 50 min reverse gradient of ammonium sulfate
buffered at pH 7.0 with sodium phosphate. Isolation and char-
acterization of variants showed that the early eluting peak con-
tains truncated variants at Ser186 and Asp235 within the TNF
domain (Fig. 1). Species eluting under peak 3 include dimers,
etanercept associated with Chinese hamster ovary (CHO) host
cell proteins and TNF receptor domain misfolded variants.
Optimization of the fermentation and purification process
results in a decrease of peaks 1 and 3 (Fig. 1). This method
is particularly valuable to demonstrate similarity between the
commercial Enbrel® and recombinant etanercept products
seeking approval under the biosimilar regulatory pathway.?
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Oxidation of Tryptophan in CDRs
of a Monoclonal Antibody

Oxidation of exposed amino acid side chains such as tryp-
tophan and methionine is a common occurrence in recombi-
nant therapeutic proteins. Monitoring oxidation is of particular
importance when residues undergoing this type of degradation
are located in the complementarity-determining region (CDR)
of a monoclonal antibody (mAb) because it may affect binding
to the target antigen. Only few methods are available to monitor
such PTMs. Methionine oxidation located in the Fab domain
of mAbs has been shown for instance to be detectable by IEX-
HPLC.#? While IEX-HPLC is easy to use, the method is rarely
selective enough to allow reliable quantitation of oxidation.
Conversely, peptide mapping is the preferred method for most
PTM quantitation. However, low throughput and complex sam-
ple preparation may limit the use of this method during process
development. In a recent publication, HIC-HPLC was shown to
offer ease of use and reasonable selectivity to monitor the oxi-
dation of tryptophan residues located in the CDR of a recom-
binant mAb.® The elution profile presents two well-resolved
pre-peaks eluting before the main. Forced oxidation studies,
isolation and characterization by LC-MS peptide mapping of
the species eluting under each peaks were performed. Results
show prepeak 2 to contain mAb species oxidized at about 50%
of the heavy chain tryptophan 47 residues; a figure consistent
with the oxidation of one site per mAb.® Oxidation of two of the
strictly conserved Fc methionines is also observed in both pre-
peaks (Fig. 2).° The method uses two 100 mm Dionex Propac
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HIC-10 columns in series to improve recovery
and resolution.® Analytes are eluted via a reverse
gradient of ammonium sulfate buffered at pH
5.5 and supplemented with 10% acetonitrile as
organic modifier.® The column is equilibrated
in the presence of 500 mM arginine, ensuring
analyte stability and elution, as well as column
conditioning.*
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Figure 1. Elution profile of Etanercept on a butyl NPR HIC-HPLC column at initial and after
one month at 40 °C (blue and red traces, respectively). Species eluting under each peak
(numbered 1, 2, and 3) are shown in cartoon as per ref. 10.

teins.?! N-terminus micro-heterogeneity is due
to the near complete cyclization of the first

heavy chain glutamine residue to pyroglutamic acid.*
Carboxy terminal charge micro-heterogeneity comes
from the enzymatic processing of the heavy chain
carboxy terminal lysine residue during fermentation,
followed in certain cases by a-amidation of the ante-
penultimate amino acid.?! Because these posttransla-
tional modifications may occur at different levels and
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complicating the characterization of each species elut-

ing under each peak. Valliere-Douglas and colleagues
developed a HIC-HPLC based method to be used as
second dimension following IEX-HPLC fractionation
and papain digest.” The method uncovers the coelution
in a basic peak of two carboxy terminal mAb variants,

Figure 2. Elution profile on two Dionex Propac HIC-10 columns in series of a mAb
oxidized at one CDR tryptophan residues (indicated as stars in the cartoon, pre-
peak 2) and conserved Fc methionines (pre-peak 1 and 2). Chromatogram repro-
duced with permission from Elsevier (ref. 6).

one with an un-processed carboxy terminal terminal

lysine, the second with an a-amidated proline.” These two spe-
cies carry the same nominal charge but present a hydrophobic
profile different enough to be separated by HIC-HPLC.” The
method uses two 100 mm Dionex Propac HIC-10 columns in
series and a reverse gradient of ammonium sulfate buffered at
pH 5.27 While a 2D-HPLC method is particularly appealing
to further separate the variants that may co-elute during IEX-
HPLC chromatography, the necessity to perform papain digest
may be cumbersome.

Monitoring Aspartic Acid Isomerization
and Succinimides in mAbs

Deamidation of asparagine and isomerization of aspartic
acid residues are also a common occurrence in therapeutic pro-
teins.”">* The level at which these PTMs occur is a function of
the flexibility of the peptide containing the asparagine or aspar-
tic acid residues, as well as the nature of the neighboring amino
acids.” Similar to oxidation, deamidation and isomerization
occurring within a CDR or in the direct vicinity of a CDR may
cause a reduction or complete loss of potency, depending on the
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severity of the phenomenon.?* Asparagine deamidation results in
a net protein charge difference due to the conversion of an amide
group to a carboxylic moiety and is therefore usually detected by
IEX-HPLC. However, analytical methods to monitor isomeriza-
tion of aspartic acid into iso-aspartic acid (isoAsp) are harder
to come by. Valliere-Douglas and colleagues developed a HIC-
HPLC method to separate variants containing an isoAsp resi-
dues in each of the two light chains of an IgG2 mAb and eluting
as two well-resolved pre-main peaks (Fig. 3A).”® The method
uses two Dionex Propac HIC-10 columns in series and an
ammonium sulfate gradient buffered at pH 4.85. Isomerization
of aspartate residues into isoAsp in the CDRs of two mAbs were
also successfully monitored using a TSKgel phenyl-5PW column
after papain digest of the samples."

The Dionex Propac HIC-10 based method was also used to
isolate variants containing succinimide structures in the light
chain of a different IgG2 mAb (Fig. 3B). Succinimide moi-
eties are formed when the electron pair of the nitrogen on the
peptide backbone attacks the carboxylic group of an aspara-
gine or aspartic acid side chain.?® This cyclic intermediate is
usually stable at mildly acidic pH, particularly when stabilized
by a specific amino acid context. It is readily hydrolyzed into
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Figure 3. Elution profile on two Dionex Propac HIC-10 columns in series of a mAb pre-
senting an isoAsp residue (A) or succinimide (B) in one and both of a light chain CDR
(indicated as stars in the cartoon). Panels A and B, show an overlay of mAbs controls and
stressed at 40 °C. Elution profile on TSKgel butyl-NPR of a mAb presenting a succinimide
(€) in the Fab region of a mAb. Species eluting under each peak (numbered 1, 2, and 3)
are shown in cartoons. Chromatograms reproduced with permission from Elsevier and
David Ouellette (Refs. 6 and 11, respectively).

aspartic acid or isoAsp under neutral and basic conditions.”

The HIC method developed for succinimide monitoring also
uses two HIC-10 columns in series, elution with ammonium
acetate instead of sulfate, optimized mobile phase pH and gra-
dient, and an organic content of 7% acetonitrile.” Detection
and quantitation of succinimide structures in an IgGl mAb by
HIC-HPLC was also reported by Ouellette and colleagues.'!

Detection of Unpaired Cysteines in mAbs

HIC-HPLC was also used to monitor levels
of unpaired cysteine residues in the Fab of an
IgGl mAb." Harris and coauthors report the use
of the TSKgel phenyl-5PW column and a gradi-
ent of ammonium sulfate buffered with TRIS-
HCI at pH 7.5 to separate omalizumab Fab with
unpaired Cys22 and Cys96 from the correspond-
ing Fab, where the two cysteines are engaged in

the expected disulfide bridge.

Purification and Characterization of N-
and O-Glycosylated mAbs

HIC-HPLC methods can also be used for the
characterization of very low abundance variants.
Valliere-Douglas and colleagues describe a HIC-
HPLC based method to be used as second dimen-
sion after IEX-HPLC fractionation and papain
digest.” This method is designed for the separa-
tion of an O-fucosylated serine on the light chain
and is analogous to the method used by the same
group for the characterization of Fc carboxy ter-
minal variants described above using two Dionex
Propac HIC-10 columns in series.”® Fab variants
are eluted with a reverse gradient of ammonium
sulfate buffered at pH 5.2. The authors show that
an acidic variant peak isolated by IEX-HPLC con-
tains a species eluting before the unmodified Fab
by HIC-HPLC. Isolation of this HIC-HPLC early
eluting peak and subsequent in-depth molecu-
lar characterization by peptide mapping and
Electron-transfer dissociation ion-trap MS estab-
lished the structure of the variant and exact site of
the O-fucosylation.

HIC-HPLC was also used to monitor
N-glycosylation in the Fab domain of murine
monoclonal IgG antibodies.’® The separation
method relies on the TSKgel phenyl-5PW column
and a 0 to 100% linear gradient of ammonium
sulfate buffered with 20 mM sodium phosphate

at pH 7.5. The Fab glycosylated murine mAb species elute as
pre-peaks to the Main.

Prediction of mAbs Relative Hydrophobicity

and Solubility Optima

The method relies on the TSKgel butyl-NPR column and ana-
lytes are eluted by a reverse gradient of ammonium sulfate buff-
ered at pH 6.0. The molecular variants containing one or two
succinimide moieties elute, like on the HIC-10 column, as well-
resolved post-main peaks (Fig. 3C).
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Protein aggregation is one of the most common degradation
pathways for therapeutic recombinant proteins stored as liquid
formulations.?® The amount of oligomers in each batch of manu-
factured therapeutic protein needs to meet strict specifications
due to the inherent immunogenicity of large molecular com-

plexes.?® The aggregation mechanism of a given molecule may
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be difficult to fully understand because it
results from the interplay of a number of
factors, including electrostatic and hydro-
phobic interactions, the later mechanism
being exacerbated upon local domain
unfolding.?”*® While surface hydrophobic-
ity may not be sufficient to explain mAbs
aggregation alone, most of the aggregation-
prone motifs identified in mAbs by in silico
means, and later confirmed by mutagenesis
studies, are rich in hydrophobic residues,

¥, \ "

mAb vehicle (0 Drug)

Drugs

N\ 8
/\ Drugs
N NN

especially B-branched aliphatic residues
(Ile, Val, Leu) and aromatic residues (Phe,
Trp, Tyr).??! Based on these efforts, pro-

. 5 ADC (4 Drugs)

Time (min)

10 14

tein structure-based engineering is now tak-

ing place to decrease surface hydrophobicity
to optimize stability, solubility, and viscos-

ity, and subsequently improve the manufac-
2933

Figure 4. Antibody to drug ratio determined for an ADC on a TSKgel ether-5PW HIC-HPLC col-
umn. Stars represent drug attached to the mAb. Chromatogram reproduced with permission
from Fredric S. Jacobson (ref. 16).

turability of potential drug candidates.
While hydrophobicity assessment is per-

formed using fluorescent probes,” HIC-HPLC may also be used
to rank relative surface hydrophobicity of entirely different mAbs
by calculating their relative hydrophobicity index.?

HIC may also be used for the estimation of mAbs solubility
3¢ The method takes advantage
of the well-established relationship between protein precipita-
tion/aggregation and retention on HIC supports. A HIC chro-
matography column is run under mobile phase conditions where
the soluble mADb of interest is not retained.’® Under these con-
ditions, the fully soluble mAb sample presents the highest pos-
sible flow-through peak height. Conversely, partial or complete

optima in different formulations.

mADb aggregation results in retention on the column and in the
corresponding reduction of the flow-through peak height. Using
this approach, the authors verify the expected protein salting-in/
salting out phenomenon where increasing salt concentration in
the formulation first improves protein solubility and then reduces
it.*® The effect of different sodium salts, pH, and the presence of
glycine as excipient on mAb solubility are also explored.’® The
method may be particularly appealing for the screening of mAb
candidates during early phases of development.

Monitoring the Degree of Payload Conjugation
in Antibody-Drug Conjugates

Antibody-drug conjugates (ADC) are an emerging class
of therapeutic agents in which a small molecule or peptide is
attached to a mAb.%” Attaching small molecule payloads to mAbs
is a natural alliance of the strength of these two classes of thera-
peutic solutions. The antibody provides target specificity of the
small molecule payload, while the latter potentiates the efficacy
of the mAb. ADCs therefore may substantially increase the thera-
peutic index of small molecules by improving their safety and effi-
cacy profiles. Analytical strategies typically used for mAbs need
to be adapted to address the specific challenges of the ADCs.'¢
HIC is an analytic solution reported to be particulatly suitable
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to describing the antibody-to-drug ratio.’® Determination of the
number of payload small molecules per mAb was performed on a
TSKgel ether-5PW column using a reverse NaCl linear gradient
elution buffered with sodium phosphate at pH 7.0 supplemented
by 10% acetonitrile and 10% isopropanol.’® The method yielded
baseline resolved peaks representing up to eight drug molecules

per mADb vehicle (Fig. 4).

HIC-HPLC Method Development
and Method Critical Parameters

Development of a HIC-HPLC method is relatively straight-
forward. However, HIC-HPLC cannot be considered a platform
method in the same way that SEC-HPLC and CE-SDS might,
but HIC-HPLC could perhaps be compared, in terms of develop-
ment time and efforts, to IEX-HPLC.

The quality of the separation of hydrophobic variants during
HIC-HPLC is dictated first and foremost by the nature of the
solid phase used. Screening of the commercially available col-
umns using a standard ammonium sulfate gradient is therefore
generally advised (Table 1). Critical method parameters for the
Dionex Propac HIC-10 HPLC-based method requiring optimiza-
tion during development have been reported and include the con-
centration and nature of salt, pH of the mobile phase, percentage
of organic modifier, gradient shape, and flow rate.”* Ammonium
sulfate is the most common salt used for HIC-HPLC. It may be
replaced by sodium sulfate without anticipating loss in perfor-
mance;” however, the purity of the ammonium sulfate is impor-
tant. Ghost peaks and disturbances in the baseline may occur
with use of reagents of lower purity. Dionex HIC-10 column uses
non-endcaped silica, resulting in interactions between a charged
analyte and the silica resin may occur. Changes in mobile phase
pH or consistency of resin manufacturing may therefore mod-
ify the elution profile. The pH should be adjusted to maximize
separation and recovery of the desired variants; the best binding
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is achieved at pHs approaching the pl of the analyte.”® Because
separation performance may vary from column to column, mul-
tiple lots should be tested to ensure robustness of the analytical
method. The amount of organic modifier was shown to have a
profound effect on retention time. Increasing the relative amount
of acetonitrile or n-propanol in the mobile phase results in a sig-
nificant shift toward early retention times.”®

The separation of mAb variants by HIC-HPLC reported in
the literature tends to remain a characterization exercise rather
than operation in regulated GMP environments. Full ICH vali-
dation and operation in GMP environments is possible, however,
when certain critical quality attributes have to be measured, as is
the case for etanercept. HIC-HPLC columns manufacturers are
few but well established, and therefore column supply does not
represent an impediment.

size, charge or electrophoretic mobility. However, in a number
of instances, HIC-HPLC methods display enough ease of use
and selectivity toward targeted variants to be used as a valuable
orthogonal method for characterization applications. In addi-
tion, upon validation, HIC-HPLC methods may be amenable to
use in regulated environment as release and stability tests.
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Conclusion

duce figures from their original publications.

HIC-HPLC is a less widely used analytical technique com-

pared with standard methods for separating variants based on
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