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ARTICLE INFO ABSTRACT

Article history:

Hydrophilic interaction liquid chromatography (HILIC) is a well-established technique for the separa-
tion and analysis of small polar compounds. A recently introduced widepore stationary phase expanded
HILIC applications to larger molecules, such as therapeutic proteins. In this paper, we present some
generic HILIC conditions adapted for a wide range of FDA and EMA approved recombinant monoclonal
antibody (mAb) species and for an antibody-drug conjugate (ADC). Seven approved mAbs possessing
various isoelectric point (pI) and hydrophobicity as well as a cysteine conjugated ADC were used in this
study. Samples were digested by IdeS enzyme and digests were further fragmented by chemical reduc-
tion. The resulting fragments were separated by HILIC. The main benefit of HILIC was the separation of
polar variants (glycovariants) in a reasonable analysis time at the protein level, which is not feasible with
other chromatographic modes. Three samples were selected and chromatographic conditions were fur-
ther optimized to maximize resolution. A commercial software was used to build up retention models.
Experimental and predicted chromatograms showed good agreement and the average error of retention
time prediction was less than 2%. Recovery of various species and sample stability under the applied
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conditions were also discussed.
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1. Introduction

Hydrophilicinteraction chromatography (HILIC) is an important
and popular complementary separation method to reversed phase
liquid chromatography (RPLC). It can be utilized in optimizing infor-
mation regarding the constituents of a polar mixture, especially of
small molecules [1-5].

Thanks to recent developments in column technology, wide-
pore HILIC phases are now commercially available and enables
the separation of peptides, protein fragments and intact proteins
with high efficiency [6,7]. Several highly-relevant samples such as
insulins, interferon alpha-2b and monoclonal antibody (mAb) have
been recently analysed in HILIC [6]. It was shown that a mobile
phase composition between 80 and 65% acetonitrile in presence
of 0.1% trifluoroacetic acid (TFA) provided optimal conditions to
retain proteins and obtain appropriate peak shapes. The selectiv-
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ity of these HILIC separations have proven to be highly orthogonal
to RPLC and some hydrophilic protein-variants (mAb glycoforms)
were better resolved in HILIC than in RPLC.

HILIC has already been applied in the past to the field of bio-
pharmaceuticals for released glycan profiling and glycopeptide
separations [8,9]. Wide-pore HILIC phases now offer new possi-
bilities in glycan analysis at intact or middle-up levels of analysis
[7,10]. This approach also allows the qualitative comparison of the
glycosylation profiles between originator and biosimilar products.
By evaluating the chromatographic profile of the HILIC middle-up
analysis, it was possible to quickly assess the most abundant gly-
cosylation moieties and to highlight the differences between an
originator and a biosimilar [7].

HILIC offers several additional benefits for biopharmaceutical
characterization, as inherent compatibility with MS (better sensi-
tivity in many cases compared to RPLC [3,11]), the use of moderate
mobile phase temperature for several proteins that are poorly
recovered in RPLC, and the possibility to couple several columns
in series to improve resolving power (peak capacity), thanks to
comparatively low mobile phase viscosity [6].


dx.doi.org/10.1016/j.jpba.2017.06.016
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpba.2017.06.016&domain=pdf
mailto:szabolcs.fekete@unige.ch
http://www.cipf.com
http://www.cipf.com
http://www.cipf.com
dx.doi.org/10.1016/j.jpba.2017.06.016

B. Bobdly et al. / Journal of Pharmaceutical and Biomedical Analysis 145 (2017) 24-32 25

In spite of the potential benefits of HILIC, chromatographers
often fear this method because the retention mechanism is more
complex than in RPLC and very sophisticated retention mod-
els are often required for method development. Trial and error
method development approach is still usually performed for
HILIC separations. HILIC retention can be considered as a mixed-
mode mechanism, combining hydrophilic partitioning, adsorption
through hydrogen bonds and various types of possible electro-
static and ionic interactions [12] which may be attractive as
well as repulsive [13]. Therefore HILIC retention models do not
follow a perfect linear relationship in most cases [14]. Polyno-
mial, empirical and mixed retention models are often applied
for HILIC method development [12,14-16]. Such models regularly
require several initial experimental runs, which make this approach
time-consuming. Recently some quantitative structure-retention
relationship (QSRR) based approaches were also reported for HILIC
method development and retention prediction [3,17-19]. In these
studies, retention modeling was restricted to small molecules.

The aim of this study was to propose a generic method develop-
ment approach for the HILIC separation of mAb subunits and their
hydrophilic variants. The impact of gradient steepness and mobile
phase temperature on retention as well as on recovery were inves-
tigated in detail. A generic approach based on linear relationships
and four initial experimental runs was suggested to provide good
accuracy and a fast procedure in the practically useful range of the
method variables. The impact of sample solvent on mAb subunits’
peak shape was also discussed.

2. Experimental
2.1. Chemicals and samples

Acetonitrile and water were purchased from Fisher Scien-
tific (Reinach, Switzerland). Trifluoroacetic acid (TFA), dithio-
threitol (DTT) and tris(hydroxymethyl)aminomethane (TRIS)
were purchased from Sigma-Aldrich (Buchs, Switzerland). IdeS
(FaleCATOR®) was purchased from Genovis AB (Lund, Sweden).
FDA and EMA approved monoclonal antibody (cetuximab, ritux-
imab, panitumumab, ipilimumab, denosumab) and antibody-drug
conjugate (brentuximab vedotin) samples were kindly provided by
the Center of Immunology Pierre Fabre (Saint-Julien-en-Genevois,
France). NISTmAb was obtained from the National Institute of Stan-
dards and Technology (Gaithersburg, MD, USA).

2.2. Sample preparation

The main advantage of HILIC separation is the possible char-
acterization of polar mAb species, such as glycovariants, which
represent one of the most important polar modifications of bio-
pharmaceutical products [20]. Due to their poor molecular diffusion
properties, the separation of polar variants at intact protein level is
hardly feasible. To separate glycovariants, mAbs can therefore be
fragmented into smaller subunits [21]. Except in few cases, glyco-
sylation takes place only on the fragment crystallizable (Fc) region.
Glycosylated fragments can be cleaved from the antigen binding
region (F(ab’), ) with the IdeS enzyme [22].1deS cleaves under inter-
chain disulfides of the hinge region resulting in Fc/2 (or single chain
Fc, sFC) and F(ab’), fragments. The molecular size of the resulting
F(ab’), fragment can be further decreased to get light chain (LC) and
Fd subunits, by chemical reduction. After this combined sample
preparation of IdeS digestion and reduction, the sample contains
glycosylated Fc/2, LC and —in certain cases glycosylated- Fd frag-
ments. The resulting pool of these ~25 kDa fragments is favourable
for chromatographic and mass spectrometric characterization [22].

5000U lyophilized IdeS enzyme was reconstituted in 75 pL
water (67 U/L). 2 pL of this IdeS solution was added to 100 pL
mAb or ADC solution, which was previously diluted from the com-
mercial formulation in 10 mM pH 7.5 TRIS buffer to get 1 mg/mL
protein concentration. Samples were incubated and mixed at 45 °C
for 30 min. After digestion, samples were reduced by adding DTT.
1M DTT solution was freshly prepared prior to sample preparation.
10 wL 1 M DTT was then added to the previously digested sample to
have approximately 100 mM DTT concentration in the sample solu-
tion. Reduction was performed in the same thermomixer at 45°C
for 30 min. Finally, samples were diluted in acetonitrile contain-
ing 0.1% TFA to have 60% organic solvent in the sample solution.
No precipitation was observed and samples were stable for at least
2days at 4°C.

2.3. Chromatographic system

Samples were analyzed using a Waters Acquity UPLC I-Class”
system equipped with a binary solvent delivery pump, an autosam-
pler (possessing flow-through needle (FTN) injection port with
a 15 L needle) and FL detector. The dwell volume was exper-
imentally measured as 110 L. Data acquisition, data handling
and instrument control were performed by Empower 2. The
Acquity UPLC Glycoprotein BEH Amide chromatographic column
(150 mm x 2.1 mm, 1.7 wm, 300A) was purchased from Waters
(Milford, MA, USA).

Mobile phase A was 0.1% TFA in water, mobile phase B was 0.1%
TFA in acetonitrile. A volume of 0.5 L was injected using a generic
linear gradient from 75% to 60% B in 15 min. Gradients were further
optimized in some cases. Flow rate was set to 0.45 mL/min, mobile
phase temperature was 80°C, unless otherwise mentioned. Purge
solvent was 85% and wash solvent was 50% acetonitrile in water.
Data were acquired using 280 nm excitation and 360 nm emission
wavelengths with 5 Hz sampling rate and 0.4 s time constant. Data
were processed using Excel and Drylab (4.2) software.

3. Results and discussion
3.1. Development of a general HILIC gradient

The solvent generally used as the injection solvent is an aqueous
buffer, which may result in solvent mismatch and distorted peaks
when injecting into highly organic mobile phase in HILIC [23,24].
This is due to the high solvent strength of water in HILIC conditions
which may decrease the peak focusing effect at the column inlet.
In our previous studies, it was shown that a fast and steep gradient
ramp at the beginning of the chromatographic run can compensate
for solvent incompatibility [6,7]. The initial highly organic mobile
phase composition supported the appropriate adsorption of the
sample components at the column inlet, which were then eluted
in regular, symmetrical peaks. The absence of this initial gradient
ramp resulted in seriously fronting peaks of proteins when injecting
from aqueous solvents.

The present study was aimed to propose a general HILIC method
development approach for the characterization of monoclonal anti-
bodies and related proteins. Previous studies showed the power
of quality by design (QbD) based method development approach
[25-31]. This methodology is based on the prediction of reten-
tion times based on initial experimental runs as input data for
retention models. Retention modeling software can handle only
linear gradients as input data. As being a multilinear segmented
gradient, the previously used initial gradient rump is not suitable
for chromatographic retention prediction. To address this prob-
lem, samples were diluted in acetonitrile containing 0.1% TFA.
TFA was supposed to have stabilizing effect on protein species
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Fig.1. HILIC chromatograms of IdeS digested and reduced trastuzumab when inject-
ing from different sample solvents and using linear gradient without initial fast
gradient ramp. Gradient: 74-68%B in 15 min. A: H20 +0.1% TFA, B ACN +0.1% TFA.
Other chromatographic conditions are detailed in Section 2.3.

in highly organic solutions and is considered as a good solubiliz-
ing agent at low concentrations (e.g. ~0.1%). Then simple linear
gradient from 74% to 68% B in 10 min was applied and various
trastuzumab sample solutions were injected containing 0, 20, 40
and 60% organic solvent. In this chromatographic setup, samples
containing less than 60% acetonitrile showed fronting peaks indi-
cating insufficient focusing of the sample zone at the column inlet.
Fig. 1 shows that acceptable peak shapes were observed with
solvent containing 60% acetonitrile. It is worth noting that addi-
tion of acetonitrile may potentially effect the conformation and
so the retention behaviour of the solute being analyzed. In this
case this effect seemed to be negligible, since the chromatograms
obtained with 60% organic solvent composition was highly compa-
rable with the reference chromatograms using the initial gradient
ramp and aqueous sample solvent [6]. Flourescence emission spec-
tra of peaks eluting close to column dead time were compared to
protein peaks and confirmed as not being of protein origin. Based
on these preliminary results, digested and reduced samples were
diluted in 60% acetonitrile containing 0.1% TFA. Preliminary exper-
iments showed that a 75-60%B linear gradient provides acceptable
retention for many mAbs. For this reason, a simple linear gradi-
ent was run from 75% to 60% B in 15 min to study the applicability
of generic HILIC conditions. Various additional mAb samples were
selected according to their diverse physicochemical properties. Rit-
uximab (pl of ~9.1) and panitumumab (pl of ~6.7) are intended to
represent basic and acidic mAbs, respectively [26]. Ipilimumab is
hydrophobic, while denosumab can be considered as a relatively
hydrophilic mAb [32]. NISTmADb is currently the only universal
standard reference material (SRM) for monoclonal antibody thera-
peutics. NISTmADb is a widely available, well characterized and well
documented humanized IgG1k monoclonal antibody, which makes
it a promising supplement to in-house developed product-specific
reference standards [33-37].Itis expected to greatly facilitate qual-
itative and quantitative drug substance/product characterisation
[38]. Thus, the inclusion of NISTmADb into upcoming studies may
further improve the comparability and so the quality of the pub-
lished data. Cetuximab is glycosylated in both the Fc and Fd region,
resulting in complex elution profile for the glycovariants [7,10].
Brentuximab vedotin is currently the only marketed antibody-drug
conjugate using cysteine conjugation chemistry. Fig. 2 shows gen-
eral HILIC chromatograms of reduced and digested samples after
sample dilution. As expected, all the fragments were eluted within
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Fig. 2. General HILIC chromatograms of IdeS digested and reduced mAb and ADC
samples. Gradient: 75-60%B in 15 min. A: H,O+0.1% TFA, BACN +0.1% TFA.T: 80°C,
flow: 0.45 mL/min. Column: Waters Acquity UPLC Glycoprotein BEH Amide (300 A,
1.7 wm, 2.1 mm x 150 mm).

an acceptable elution window with reasonable peak shape, regard-
less of their acidic/basic properties or hydrophobicity.

Peaks were eluted in the following order: Fd fragment first,
followed by the LC and finally by the Fc/2 glycovariants, except
for cetuximab and brentuximab vedotin that showed a different
elution order, which annotation is described in Section 3.2 and
represented in Fig. 3B.

3.2. Recovery of mAb species in HILIC conditions

The prerequisite of an unbiased separation relies on obtaining
an acceptable recovery for all the species since it can influence the
evaluation of the chromatograms. Higher temperature generally
enhances mass transfer for proteins, leading to higher separation
performance. In addition, temperature is a common parameter in
chromatographic method development since selectivity and res-
olution can be tuned by changing this variable [25,27,29,31,39].
For the analysis of proteins under RPLC conditions, temperature
affects solute adsorption on the stationary phase. Previous stud-
ies showed that intact mAbs, as well as mAb subunits, show poor
recovery in RPLC conditions when working at moderate temper-
ature (e.g. <80°C) [31,40,41], thus demonstrating the need to
work at 80-90°C to avoid adsorption issues and reach acceptable
recovery (e.g. above 90% of the injected protein amount). Con-
versely, it was also reported that in HILIC, lower temperature (e.g.
50-60 °C) might result in appropriate recovery [6]. Before starting
method development and considering temperature as a variable,
its effect on recovery was thus investigated. Recovery of digested
and reduced NISTmAD, cetuximab, and brentuximab vedotin sub-
units were monitored and relative recoveries of the main peaks
were calculated (peak areas of the subunits were normalized to
their largest peak areas obtained at different temperatures [40]).
Fig. 3A shows the relative recovery (recovery was calculated from
peakareas normalized to the highest observed peak area [40]) of the
mAD subunits between 40 and 90 °C. Peak areas were measured in
duplicates and their deviation remained always below 1-2%. Dotted
black line represents 90% relative recovery.

Recovery of NISTmADb subunits (Fig. 3A, first panel) was higher
than 90% above 70°C, and remains still higher than 70% at 40°C.
Similarly, cetuximab showed an acceptable recovery above 70°C
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Fig. 3. (A) Relative recovery of NISTmADb, cetuximab and brentuximab vedotin subunits as a function of mobile phase temperature. (B) Corresponding chromatograms at
40°C,70°C and 90°C. Gradient: 75-60%B in 15 min. A: H,O +0.1% TFA, B: ACN +0.1% TFA. Flow: 0.45 mL/min. Column: Waters Acquity UPLC Glycoprotein BEH Amide (300 A,

1.7 pm, 2.1 mm x 150 mm).

(Fig. 3A, second panel), but a lower recovery of the LC and the Fd
glycovariants to 39% and 62% was observed at 40 °C. Brentuximab
vedotin has several highly hydrophobic loaded fragments due to
cytotoxic drugs attached to them (LCI, Fd I, Fd Il and Fd Ill fragments,
with I, II and III corresponding to the number of bound payloads).
The proper recovery of these loaded subunits is important for the
estimation of the average drug-to-antibody ratio (DAR), which is
a critical quality attribute (CQA) of the antibody drug conjugates

[31,42-44]. Average DAR can be calculated based on the formula
reported by Wagner-Rousset et al. [45] and it is generally close to
4.0[46,47].Fig. 3A (third panel) shows that at least 80 °Cis required
to achieve 90% recovery of the loaded subunits, whereas some of
the subunits were completely adsorbed at 40 °C. Interestingly, the
adsorption behaviour of the three different categories of subunits
(glycosylated, loaded and naked) can clearly be differentiated, with
the most critical group represented by the loaded species, and the
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Fig. 4. (A) Retention as a function of gradient time, (B) Van't Hoff plots of NISTmAD, cetuximab and brentuximab vedotin subunits. Gradient: 75-60%B. A: H20 +0.1% TFA,
B: ACN+0.1% TFA, flow: 0.45 mL/min. Column: Waters Acquity UPLC Glycoprotein BEH Amide (3004, 1.7 wm, 2.1 mm x 150 mm). Other chromatographic conditions are

detailed in Section 3.3.

most hydrophilic glycosylated subunits showing the highest recov-
ery in all cases. Average DAR calculation was not possible at 40°C,
whereas it resulted in 3.6 at 70°C and 4.0 at 90°C, meaning that
evaluation of mild temperature chromatograms might be heavily
biased by incomplete recovery of loaded species. Fig. 3B shows the
chromatograms of NISTmADb, cetuximab and brentuximab vedotin
subunits obtained at 40, 70 and 90 °C. Peaks were annotated based
on previous studies [7,31]. Finally, recovery may not be sufficient at
lower temperature and this behaviour also depends on the selected
protein. For the selected mAbs and ADCs species, a minimal tem-
perature of 70-80°C is recommended for HILIC operation, which
should provide acceptable recovery for most mAbs. In special cases
- such as brentuximab vedotin - highly hydrophobicloaded species
may suffer from strong adsorption and necessitates to work at high

temperature (80-90°C).In addition, retention times and chromato-
graphic profiles may slightly vary in HILIC during first injections
when using brand new columns. Saturation of active sites by serial
injections of concentrated protein samples might be necessary
prior to run the sequence on a new column. This can be monitored
by the stabilization of retention times and elution profiles. Accord-
ing to our experience, carefully equilibrated and properly saturated
HILIC columns provide comparable retention time repeatability, as
usually observed in reversed phase conditions.

3.3. Retention properties of mAb subunits in HILIC

Digested and reduced samples of NISTmAb, cetuximab and
brentuximab vedotin were eluted in HILIC conditions using lin-



B. Bobadly et al. / Journal of Pharmaceutical and Biomedical Analysis 145 (2017) 24-32 29

140
120 85
1.00

80
ogo TIC
060 7

min]
B 0.00 G

1.80

85
160
140

80
1.20 Trc
1.00

75

0.00 1G [min)

100 -
90 - P: 133
45 mi
. t;: 45 min
70 4 ‘
60 *
2 50+ P: 114 .
| t;: 30 min
40 1 | 1
| / ST
30 -
20 4 l P: 87
10 t;: 15 min
I
ol . o
[} 5 10 15 20 25 30 35
Time (min)
100
90
0 . P: 127
ts: 45 min
70
60 \
2 s —1
W0 | P: 107 )
A m " ts: 30 min
30 = e ~—
20
P: 82
10 A ts: 15 min
LIV .
0 L.
[ s 10 15 20 25 30 35
Time (min)
100
90 P: 142
= | ts: 45 min
70 - ‘
60 |
2 s ' ‘ ’ 1 P: 124
@ Al | ts: 30 min
LA "
30 4
201 | } P: 93
10 | 1M | | t: 15 min
o L PAVAW L% )
[} 5 10 15 20 25 30 35
Time (min)

Fig. 5. Resolution maps and peak capacities at different gradient times of (A) NISTmADb, (B) cetuximab and (C) brentuximab vedotin using optimized gradient conditions

described in Section 3.4.

ear gradients. The effect of gradient steepness and temperature on
retention and selectivity was studied. Results of these preliminary
studies were used to perform a QbD based method development,
as detailed in Section 3.4.

First, the effect of gradient steepness on retention and selec-
tivity was evaluated. A generic linear gradient starting from 75%
to 60%B was applied; flow rate was set to 0.45 mL/min and tem-
perature was set to 90°C. It was assumed that using a relatively
limited, practically relevant design space, a linear or nearly lin-
ear correlation between the gradient time and retention can be
observed (linear solvent strength model like behaviour for kgpp(tc)).
Four gradient times of 5, 10, 15 and 20 min were set to study
the retention (tg/tp=7.0, 14.1, 21.1 and 28.2, respectively). Fig. 4A
shows the apparent retention factors (kqpp) plotted against gra-
dient time (t¢). The peaks selected for constructing the plots are
shown in Fig. S1 and comprise the Fd and LC fragments plus three
abundant Fc/2 glycovariants for NISTmADb; the LC fragment and
six intense glycovariants peaks for cetuximab; and conjugated and
unconjugated subunits as well as the two most abundant Fc/2 gly-
covariants for brentuximab vedotin. Fig. 4A shows the impact of
gradient time (steepness)onretention, which can be approached by

aquadratic functionin all cases. Deviations from linear fit are shown
on the diagrams in percentages. Deviation seemed to decrease with
increased retention. Selectivity slightly increased in some cases (up
to 9.6% for NISTmADb, 7.5% for cetuximab and 6.3% for brentuximab
vedotin peak pairs, when changing gradient time from 5 to 20 min),
but elution order remained the same with longer gradient times.
Selectivity change of the selected peaks are detailed in supporting
information.

The effect of mobile phase temperature on retention was
evaluated. The same chromatographic conditions were used, as
previously described in this section. Gradient time was fixed at
20 min and temperature varied from 40 to 90°C with 10°C incre-
ments. The constructed Van't Hoff plots are shown in Fig. 4B. Linear
fits properly approached the experimental points. In the case of
NISTmADb and cetuximab, retention order of the peaks did not
change with temperature. Taking into account the restricted range
of applicable temperature between 70 and 90 °C - which is manda-
tory to reach appropriate recovery - this factor may be used for fine
tuning of NISTmADb and cetuximab subunits resolution. Concern-
ing the digested and reduced brentuximab vedotin, the presence
of glycosylated, loaded and naked species, having very different
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elution properties, turns the temperature into a more interesting
chromatographic variable, as respected to the two other tested
samples. This ADC sample should be injected at least at 80°C to
get 90% recovery for all peaks. On the other hand, a coelution of
Fd and LC I peaks occurs at 80°C due to the selectivity change
of this two distinct peaks between 70 and 90°C. This tempera-
ture range was used only to explore retention properties. With
respect to recovery, practical temperature range was restricted to
80-90 °C. For this particular sample, temperature is not only useful
to tune the selectivity, it can even change the elution order. It has
been previously discussed in Section 3.2 that adsorption proper-
ties (recovery) of similar solutes can be categorized according to
their structure (e.g. LCs, Fc/2 glycovariants, conjugated fragments).
Similar observation was done when studying the impact of tem-
perature on retention properties. Slopes of the Van't Hoff plots
(In(kqpp)*1000/T) at 95% confidence level are 0.425 +0.025 (n=5)
for Fd fragments, 0.245 +0.008 (n=9) for Fc/2 glycovariants and
0.007 £0.126 (n=4) for LCs. The mean slope for the two considered
glycosylated cetuximab Fd peaks was 0.309. Fragments possessing
various nature (e.g. conformational-dependent response to tem-
perature changes, hydrophobicity, etc.) may interact differently
with the stationary phase, which might lead to the observed reten-
tion behaviour. Slopes of Van’t Hoff plots indicate the contribution
of enthalpy to the retention process in the following order: Fd frag-
ments >Fd glycosylated fragments >Fc fragments >LCs. Whereas
contribution of entropy can be ranked by the intercept of the Van't
Hoff plots: Fc and Fd glycosylated fragments > LCs > Fd fragments at
90°C.

3.4. Method development in 2D experimental domain

Based on the results of the preliminary experiments, a two
dimensional experimental design (t; x T) is suggested. A linear
model was applied for the gradient time (quadratic gradient time
model was not available) in the limited - practically relevant —
range. The impact of both parameters was studied at two levels.
Temperature was set to 70°C and 90°C, while gradient time var-
ied between 10 and 20 min. Gradient window was 75-60% B. Other
chromatographic conditions remained unchanged. Peaks possess-
ing area ratio higher than 1% have been included in the model. This
simple model requires only 4 experimental runs/sample, and just 1
working day for performing the initial runs, optimization and veri-
fication of 3 samples. The calculated resolution maps are shown in
Fig. 5. First, the gradient window was adjusted with the help of the
modeling software. Starting mobile phase composition from 75%B
was modified only for cetuximab, since the later eluting LC frag-
ment enabled the setting of the initial mobile phase composition
to 72%B without occurring peak distortion. For NISTmADb and bren-
tuximab vedotin, starting mobile phase composition from 73%B and
74%B were initially calculated to eliminate the empty chromato-
graphic window at the beginning of the run and expand the gradient
span. However, below 75%B, peak fronting was observed for these
two samples, presumably due to inappropriate focusing at the col-
umn inlet. For this reason, starting mobile phase composition for
NISTmAD and brentuximab vedotin samples was kept at 75%B and
only the final mobile phase composition was optimized. Based on
the calculated resolution maps, gradient times of 15 min seemed
to be a good compromise between resolution and analysis time in
all cases. Optimized gradient conditions from the red-orange areas
on Fig. 5 (these parts of the design plane show the best available
resolution for the closest eluting peak pair) were determined as
follows: gradient of 75-67%B and T =70 °C for NISTmAD with a res-
olution of the closest eluting peak pair (Rsg;t) of 1.36; 72-66%B
and T =87 °C for cetuximab with Rs; =0.94; and finally, 75-67%B
and T =88 °C for brentuximab vedotin with Rs;; = 1.19. The resolu-
tion map of brentuximab vedotin showed a promising region below

75°C, but recovery of loaded species was poor in this temperature
range. This map is horizontally bisected by a low resolution zone,
which corresponds to the coelution of Fd and LC I at around 80°C.
Predicted chromatograms at the working points (optimized condi-
tions) were validated experimentally. Predicted and experimental
retention times showed good agreement with an average deviation
of retention times equal to 0.78% for NISTmADb, 1.57% for cetux-
imab and 2.17% for brentuximab vedotin species. Based on model
approximation errors (linear retention fit instead of quadratic, see
Fig. 4) and on previous studies [14,48], these values are clearly
acceptable for HILIC retention prediction. As shown by the reso-
lution maps, resolution can subsequently be improved through the
increase of gradient time without significant changes in selectivity.
Additionally, this observation was in line with retention behaviours
observed in preliminary experiments (see Fig. 4A). Therefore, gra-
dient times were increased from 15 to 30 and 45 min using the
optimized chromatographic conditions and peak capacities were
compared. Peak capacity is a good indicator of the chromatographic
resolving power under gradient elution conditions. It represents
the number of symmetrical peaks which can be theoretically sepa-
rated in the applied gradient window with unique resolution. Peak
capacity was calculated as reported in previous studies [49-51] and
chromatograms were compared in Fig. 5. Increasing gradient time
from 15 to 30 min enhanced peak capacity by around 30%. A fur-
ther increase of gradient time to 45 min resulted in an additional
20% increase in peak capacity. Indeed, resolutions of consecutive
peaks were notably enhanced, while selectivity was kept nearly
the same. It is worth mentioning here that in spite of using long
gradient times and high temperatures with strongly acidic mobile
phase, no sample degradation was observed on the chromatogrames.
Conversely, significant degradation was already observed under
reversed phase conditions [40]. The absence of this phenomenon
might be explained by the fact that the samples were different
between the previous study and this one, and above all by the strong
differences in mobile phase composition (highly aqueous in RPLC
vs. highly organic in HILIC), which may influence protein stabil-
ity. Indeed, water is generally known as more reactive media than
acetonitrile.

4. Conclusion

HILIC separates protein variants based on their differences in
hydrophilic properties, which may co-elute under RPLC conditions.
This feature can beneficially be utilized for the rapid evaluation
of the glycosylation profile of mAbs and ADCs. Moreover, glyco-
sylation profile and average DAR of ADCs can be evaluated from
a single chromatogram. These HILIC benefits are clearly demon-
strated in this study. A generic linear gradient was developed for
mAb and ADC subunits using sample dilution to avoid solvent mis-
match commonly observed in HILIC. Samples were digested by IdeS
enzyme and then reduced by DTT to get LC, Fc/2, and Fd fragments
for subsequent HILIC separation. The proposed HILIC conditions
were verified by analyzing a wide range of mAbs including acidic,
basic, hydrophilic and hydrophobic ones, as well as a cysteine con-
jugated ADC and a reference standard mAb. First, recovery and
retention behaviour of the protein species were evaluated. Recov-
ery of mAb fragments was poor below 60-70°C, while for loaded
ADC fragments at least 80 °C is required to reach 90% relative recov-
ery. In a limited range of conditions, retention can be approached
by linear functions which allowed a simple retention modeling. To
our knowledge this is the first study presenting a quality by design
(QbD) based generic method development approach for HILIC char-
acterization of antibodies and conjugates. An experimental design
using two factors (temperature and gradient time) at two levels was
proposed. A commercial chromatographic modeling software was
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used to predict optimum conditions for the separation of protein
subunits based on only 4 initial experimental runs/sample. Using
this relatively simple experimental design, method optimization
for three different samples took only one working day. Predicted
and experimental chromatograms were in good agreement and the
average error in retention time prediction was less than 2%. Resolu-
tion of the peaks was further enhanced by extending gradient time.
No sample degradation was observed at higher temperatures up to
80-90°C and longer gradients up to 45 min. Based on these results
HILIC is a promising chromatographic approach for therapeutic
protein characterization. New widepore HILIC materials with dif-
ferent morphologies (e.g. core-shell) are expected to appear, which
may open new ways in the analysis of biopharmaceuticals.
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