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ARTICLE INFO ABSTRACT

Handling Editor: Qun Fang Disulfide rebridging methods are emerging recently as new ways to specifically modify antibody-based entities
and produce future conjugates. Briefly, the solvent-accessible disulfide bonds of antibodies or antigen-binding
fragments (Fab) thereof are reduced under controlled conditions and further covalently attached with a
rebridging agent allowing the incorporation of one payload per disulfide bond. There are many examples of
successful rebridging cases providing homogeneous conjugates due to the use of symmetrical reagents, such as
dibromomaleimides. However, partial rebridging due to the use of unsymmetrical ones, containing functional
groups with different reactivity, usually leads to the development of heterogeneous species that cannot be
identified by a simple sodium dodecyl sulfate-polyacrylamide gel eletrophoresis (SDS-PAGE) due to its lack of
sensitivity, resolution and low mass accuracy. Mass spectrometry coupled to liquid chromatography (LC-MS)
approaches have already been demonstrated as highly promising alternatives for the characterization of newly
developed antibody-drug-conjugate (ADC) and monoclonal antibody (mAb)-based formats. We report here the
in-depth characterization of covalently rebridged antibodies and Fab fragments in-development, using size-
exclusion chromatography hyphenated to mass spectrometry in denaturing conditions (denaturing SEC-MS,
dSEC-MS). DSEC-MS was used to monitor closely the rebridging reaction of a conjugated trastuzumab, in
addition to conjugated Fab fragments, which allowed an unambiguous identification of the covalently rebridged
products along with the unbound species. This all-in-one approach allowed a straightforward analysis of the
studied samples with precise mass measurement; critical quality attributes (CQAs) assessment along with
rebridging efficiency determination.

Keywords:
Mass spectrometry
Size-exclusion chromatography

1. Introduction systemic toxicity and increase the selectivity of the drug [8-10]. Each of

these components plays an important role in determining the toxicity

Since the approval of the first antibody-drug conjugate (ADC),
Mylotarg® (gemtuzumab ozogamicin), for the treatment of acute
myeloid leukemia (AML) [1], ADCs have emerged as a very promising
class of therapeutics for targeted cancer therapy. By august 2023, 12
ADCs have been approved by the Food and Drug Administration (FDA)
and/or the European Medicine Agency (EMA), among which 6 target
hematological indications and 7 target solid-tumours [2]. In addition,
more than 140 ADCs are currently in clinical trials, among which 11 are
in late-stage studies [2-7]. ADCs are constructed by conjugating highly
cytotoxic payloads via a linker to a receptor-targeting monoclonal
antibody (mAb) delivering the payload directly to tumor cells to reduce

and the stability of the ADC [6]. Innovative chemical strategies have
been developed to conjugate the linker-drug payload to the mAb, either
through stochastic approaches, on lysine (Lys) or reduced cysteine (Cys)
sites, or via site-selective strategies, using the introduction of engineered
reactive cysteine residues, unnatural amino acids, glycol-conjugation or
by disulfide rebridging [3,11-14]. The latter strategy remains an
appealing method for the generation of highly homogeneous and stable
site-selective ADCs with less cost and time of development. Rebridging
strategies usually consist of a first interchain disulfide reduction step
followed by a rebridging step through a linker bearing the cytotoxic
payload [15] (Fig. la and b). Recently developed mAb rebridging
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technologies include pyridazinedione reagents (PDs) [16], divinyl py-
rimidines (DVPs) [17], isobutylene [18] and next-generation mal-
eimides (NGMs), with the latter being widely used in industry [13,14].
As all chemical modifications of ADCs can affect the final efficacy and
safety of an ADC [19], powerful and robust analytical techniques are
required for in-depth monitoring of development and optimization
phases of this new class of drugs.

To monitor and characterize mAb-based formats, analytical methods
have been developed concomitantly to new mAb formats developments
[20-30]. Mass spectrometry (MS)-based methods, coupled to liquid
chromatography (LC) or electrophoretic methods play a central role in
the characterization of mAb formats. For instance, native LC-MS
methods recently developed are now used as first line for routine
characterization of many mAb formats, in addition or as alternative to
more classical reversed phase LC-MS methods. In particular,
size-exclusion chromatography coupled to mass spectrometry in native
conditions (SEC-nMS) is developed to analyze mAbs and ADCs [31-33],
and is now used in reasearch and development (R&D) laboratories to
monitor their critical quality attributes (CQAs) including the amount of
unconjugated mAb (DO0), the average drug-to-antibody ratio (avDAR),
the drug load distribution (DLD) and the different mAb variants
(charge-, size- or hydrophobic-variants mainly) [21]. Those analytical
workflows serve not only for main product characterization but also for
detection, identification and quantification of minor impurities that
might lead to immunogenicity. While many mAb formats can be readily
assessed using a combination of analytical methods, monitoring
rebridging reaction is still difficult [12]. This can be explained by the
plethora of by-products that might occur upon incomplete partial
rebridging reactions (Fig. 1c¢). Commonly, sodium dodecyl sulfa-
te—polyacrylamide gel electrophoresis (SDS-PAGE) is used for routine
analysis of rebridged mAbs as it can reveal the approximate size of the
reaction products, either after or before disulfide reduction [34]. How-
ever, SDS-PAGE suffers from different limitations, such as low sensi-
tivity, low resolution and low mass accuracy. In this context, LC-MS
approaches seem highly promising alternatives for the characterization
of newly developed rebridged mAbs and ADCs.

In this study, we investigated the advantages and limitations of
classical reversed phase LC-MS (rpLC-MS) and SEC-nMS in order to
propose a new hybrid LC-MS method to gain in-depth information on
rebridged mAbs and their by-products. We propose here a method
combining SEC performed in denaturing conditions (dSEC) with MS
detection (dSEC-MS). Based on our understanding, dSEC has only been
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utilized for online desalting of proteins [35] and mAbs [36,37] in clas-
sical denaturing conditions followed by MS detection to achieve precise
mass measurement. However, our method is specifically adapted for the
characterization of rebridged mAbs and Fab fragments to afford in one
unique analysis assessment of the purity, the homogeneity and the
proper stoichiometry of the main products, coupled with the identifi-
cation of the side-products.

2. Experimental
2.1. Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (France): aceto-
nitrile (ACN), ammonium acetate (AcONH,), boric acid (Hs3BOs3),
dimethyl sulfoxide (DMSO), dithiothreitol (DTT), ethyl-
enediaminetetraacetic acid (EDTA), formic acid (FA), tris(2-carbox-
yethyl)phosphine) (TCEP) and trifluoroacetic acid (TFA). Immobilized
pepsin (Agarose Resin) and Immobilized papain (Agarose Resin) were
obtained from Thermo Fischer Scientific (France). EndoS enzyme was
obtained from New England Biolabs (Ispwich, MA, USA). All aqueous
solutions were prepared with ultra-pure water system (Sartorius,
Gottingen, Germany). LockMass and RDa calibrant solutions were ob-
tained from Waters (Manchester, UK). Trastuzumab (Trazimera) was
purchased from Pfizer (Germany). Ethynylbenziodazolones (EBZ) re-
agent was synthetized at Prof. Waser’s group (Laboratory of Catalysis
and Organic Synthesis, Ecole Polytechnique Fédérale de Lausanne,
EPFL, Lausanne, Switzerland).

2.2. Preparation of intact rebridged mAb and rebridged Fab fragments

Fab#A rebridging— 80 ng of Fab-trastuzumab in BBS was treated
with 5 equivalents TCEP (in 15 mM H50 solution) and was reacted with
5 equivalents EBZ (in 10 mM DMSO solution).

Fab#B rebridging- 80 ug Fab-trastuzumab in BBS was treated with 5
equivalents TCEP (in 15 mM H30 solution) and was reacted with 5
equivalents EBZ (in 10 mM ACN solution.

Trastuzumab rebridging— 120 pg of trastuzumab solubilized in BBS
was reacted with 10 equivalents TCEP (in 15 mM H»O solution) and was
reacted with 10 equivalents EBZ (in 10 mM DMSO).

The Fab fragments and intact mAb rebridging was performed in a
one-pot reaction process. The samples were incubated at 37 °C under
agitation (650 rpm) during 5 h for Fab#A and during 6 h for rebridged
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Fig. 1. (a) Schematic representation of rebridged mAb formation following disulfide bonds reduction. (b) Schematic representation of Fab rebridging. (¢) Schematic
representation of incomplete rebridging of reduced mAb and Fab fragment leading to the development of heterogeneous products. Disulfide bonds are depicted in

yellow lines. The payload is depicted as a red star.
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trastuzumab and for Fab#B. The excess of reagent was removed by gel
filtration chromatography on Zeba™ Spin Desalting Columns (Thermo
Fisher Scientific, Pierce Biotechnology, USA), 7K MWCO. The final so-
lutions had a yield of >95 % (1.5 mg/mL, 50 pL for Fab#A and Fab#B
and 2.4 mg/mL, 50 pL for rebridged trastuzumab). BBS buffer contained
25 mM H3BOs and 2 mM EDTA at pH 8.0.

2.3. Mass spectrometry analyses

All analyses were performed on a BioAccord LC-MS system (Waters,
Manchester, UK). It comprises an Acquity UPLC M-Class system;
including a binary solvent manager, a sample manager at 4 °C, a column
oven at room temperature for SEC separation and at 80 °C for rpLC and
an UV detector operating at 214 nm and 280 nm, coupled to an RDa
detector. The mass spectrometer was calibrated in the 400-7000 m/z
range in the positive mode using a solution containing; 50 ng/pL of
sodium iodide in isopropanol/water (80/20 v/v) and 0.5 ng/pL of
rubidium iodide in isopropanol/water (80/20 v/v). A LockMass solution
containing 3.75 ng/pL of leucine enkephalin, 12.5 ng/uL of caffeine and
2.5 ng/pL of 1-pentanesulfonic acid in ACN/water (80/20 v/v) was
injected automatically prior to each analysis.

SEC-nMS - Between 5 to 10 pg were injected on a MaxPeak Premier
Protein SEC 250 A, 1.7 pm, 4.6 x 150 mm (Waters, Manchester, UK)
used with an isocratic gradient of 150 mM AcONH4 (pH 6.9) at a
flowrate of 250 pL/min over 6 min. The mass spectrometer was operated
with a capillary voltage of 3.5 kV and a backing pressure of 2 mbar. The
cone voltage was set to 80 V. Acquisitions were performed on the m/z
range 400-7000 with a 1 s scan time.

rpLC-MS - Less than 1 pg was injected on a Bioresolve RP mAb
polyphenyl (450 A, 2,7 um 2.1 x 50 mm column, Waters) at a flowrate of
300 pL/min at 80 °C. Mobile phases consisted of 0.1 % FA in HyO
(mobile phase A) and 0.1% FA in ACN (mobile phase B). The separation
was carried out using a gradient from 5 to 95% of mobile phase B in 25
min. The column was washed with 95% mobile phase B for 1 min and
then was equilibrated with 5% mobile phase B for 3 min. The BioAccord
was operated in the positive mode with a capillary voltage of 1.5 kV.
Desolvation temperature was set to 330°C, the cone voltage to 60 V and
the source pressure was fixed at 2 mbar. Acquisitions were performed on
the 400-7000 m/z range with a 1 s scan time.

dSEC-MS - SEC analysis was performed using the AdvanceBioSEC3
(4.6 x 150 mm, 2.5 pm, 300 }o\, Agilent) or the Maxpeak Protein SEC
(4.6 mm x 150 mm, 1.7 pm, 250 10\, Waters) column kept at room
temperature. The separation was carried out using an isocratic gradient
of mobile phase (20% ACN + 0.1% FA + 0.1% TFA) at a flowrate of 0.1
mL/min for 15 min. For dSEC-MS, 1-3 pg of protein samples were
injected. The BioAccord was operated in the same conditions than for
rpLC-MS. Full scan acquisition was performed on the high mass range
(400-7000 m/z) with a 1 s scan time.

Data processing — All MS data interpretations were performed using
UNIFI v1.913.9 (Waters, Manchester, UK) and MassLynx V4.1 (Waters,
Manchester, UK). The avDAR values were calculated based on the
relative peak intensities measured from the raw mass spectra (four
charge states) using the equation below:

ok X I

avDAR = -
x=0 Ik

Where k is the number of drugs and I is the relative peak intensity of
DARy.

To relatively quantify the amount of by-products we used integration
of the peak areas from UV chromatograms, using the following equation:

> Peak aredyi, species

_ x 100
> Peak areauy species

Amount of by — products (%)

Where the free species correspond to the heavy chain (Hc), the light
chain (Lc), half mAb species in case of mAb rebridging, or Lc and Fd in
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case of Fab rebridging.
3. Results and discussion
3.1. SEC-nMS analysis of rebridged mAb-based formats

The Fab/mAb underwent a one-pot reaction, involving first a
reduction under mild controlled conditions, followed by subsequent
rebridging allowing the incorporation of one or more hypervalent iodine
(EBZ) molecules as payloads. These molecules were covalently inserted
between the heavy chain (Hc) and the light chain (Lc) regions of the
Fab/mAb [38], leading to a mass increase of +552 Da per rebridged
drug incorporation (Fig. 1a and b). In the case of the Fab domains, two
different reaction conditions selected from an exhaustive screen [38]
were used to obtain different avDAR values and reaction yields to
challenge the different LC-MS methods.

As multiple examples have demonstrated the advantages of using
nMS individually or hyphenated to SEC for the analysis of multiple
therapeutic mAb-based protein formats [21,28,31,33,39,40], the
rebridged Fab/mAb compounds were first analyzed with SEC-nMS
(Fig. 2). Similar chromatographic profiles are observed for unreacted
and rebridged Fab samples. Peak 1 was identified as a dimeric aggregate
(~90 kDa) and the most intense peak (peak 2) was attributed to the
monomeric forms of Fab with D1 and DO species being detected for both
Fab#A and Fab#B. Although the D1 species is the most intense popu-
lation (48 192 £+ 1 Da and 48 188 + 1 Da for Fab#A and Fab#B,
respectively) in both cases, D1/D0 relative intensities are significantly
different, leading to different avDAR values for Fab#A (0.8 + 0.0) and
Fab#B, (0.5 + 0.0), thus corroborating that the different reaction con-
ditions do not lead to the same degree of conjugation. Of note, an
additional minor species is observed, corresponding to a truncated form
of the Fab domain (-KTH residues in the C-terminal side of the Fd
domain) due to trastuzumab papain over-digestion (peaks labelled * in
Fig. 2b, 47 271 + 1 Da, 47 274 + 1 Da and 47 275 + 1 Da for unreacted
Fab, Fab#A and Fab#B, respectively). Considering the relative in-
tensities of D1/DO0, a rebridging yield of 79 + 1 % and 55 + 5 % was
calculated for Fab#A and Fab#B, respectively.

Similarly to rebridged Fab, SEC-UV chromatogram of rebridged mAb
(Fig. 2¢) revealed two peaks where peak 1 was attributed to the dimer
(~290 kDa), while the most intense one (peak 2) was identified as the
monomer. The chromatographic profile of the rebridged trastuzumab
(theoretical targeted avDAR 4.0) is rather similar to that of the
unreacted trastuzumab with a slightly higher retention time and peak
width (FWHM = 0.1 min for unreacted mAb and FWHM = 0.2 min for
rebridged mAb). These effects have already been described in the
literature when comparing the SEC profile of an ADC and its unconju-
gated mADb counterpart [22], suggesting that the hydrophobicity of the
cargo molecules enhances the non-specific interactions between the
ADC and the stationary phase of the column, thus leading to greater
retention times and broader chromatographic peaks.

While one unique species with a mass of 145 864 + 2 Da was
detected for unmodified trastuzumab, at least four different populations
could be identified in the SEC-UV main peak of the rebridged mAbD,
corresponding to D1, D2, D3 and D4 (Table S1) species and an avDAR
value of 2.5 + 0.1 (instead of 4.0 expected). The nMS data thus pinpoint
an incomplete/partial rebridging reaction, with the most intense reac-
tion product being D2.

Although SEC-nMS coupling offers a fast, robust, and straightforward
analysis of rebridged mAb-derived formats providing useful information
like the accurate mass measurement of all species, the DLD, and the
avDAR, some inconsistencies were also revealed. Indeed, for both Fab
and mAb samples, nMS highlighted partial/incomplete rebridging, but
no experimental evidence of unreacted species (free Lc and Fd parts for
Fab or free Lc and Hc for mAb) were detected neither at the chro-
matographic nor at the MS levels. One possible explanation might be
that residual non-rebridged chains of the Fab and the intact mAb remain
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SEC-UV chromatograms
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Native mass spectra
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Fig. 2. Online SEC-nMS analysis of rebridged Fab/mAb samples. (a) Overlay of SEC-UV signals of Fab samples: 1 = dimers, 2 = main products, and (b) corre-
sponding native mass spectra (zoom on 15+) of reference untreated Fab (blue), Fab#A (pink) and Fab#B (green). (¢) Overlay of SEC-UV signals of intact mAb
samples: 1 = dimers, 2 = main products and (d) corresponding native mass spectra (zoom on 28+) of reference trastuzumab (blue) and rebridged (pink) trastuzumab.

The masses of the different species are summarized in Table S1.

maintained, under native conditions, due to the preservation of non-
covalent interactions.

3.2. rpLC-MS analysis of rebridged mAb-based formats

To further test our hypothesis of coexistence of covalent (expected)
and non-covalent (unexpected) rebridged assemblies, we next per-
formed rpLC-MS analysis in denaturing conditions, the most routine LC-
MS method that relies on separation of protein populations as a function
of their apparent hydrophobicities. Since the combination of acidic pH
and chaotropic agents used in rpLC induces the denaturation of the
proteins, the non-covalent interactions between the different chains will
be disrupted. The chromatographic profiles of the different unreacted
Fab and mAb samples along with their rebridged counterparts are
depicted in Fig. 3, while masses of the observed species are summarized
in Table S2.

For unreacted Fab, Fig. 3a exhibits two peaks at 12.71 min and 13.20
min. The first most intense peak (72%, 47 638.9 + 0.4 Da) corresponds
to the expected Fab fragment consisting of Lc and Fd chains held
together by one disulfide bond (DO0). The second peak (28%, 47 272.5 +
0.6 Da) corresponds to over-digested Fab already observed in SEC-nMS.
For rebridged Fab#A and Fab#B (Fig. 3b and c), three different regions
could be identified on the LC chromatograms: the Lc region (before the
main peak); the Fab region (main peak) and the Fd region, the latest one
partially co-eluting with Fab species. The main chromatographic peak
(peak 3, ~12.87 min) corresponds to the DO and D1 Fab covalent pop-
ulations (Fig. 3). Of note, 2 Da mass difference is systematically

observed between theoretical and experimental masses of Fab domains
(even for the unreacted Fab). Thereby, the mass difference along with
the fact that the Lc, and the Fd subunits on the Fab are covalently linked,
leads to the conclusion that Fab production induces the reduction of one
intra-chain SS bond. The relative MS intensities led to avDAR values of
0.8 + 0.0, and 0.6 + 0.0 for Fab#A and Fab#B, respectively, in agree-
ment with SEC-nMS results. In the Lc region, two populations are
detected corresponding to unmodified Lc (10.77 min) and Lc+457 Da
(11.57 min). In the Fd region (13.20 min), two populations are co-
eluting corresponding to Fd+93 Da and Fd+457 Da, species that are
considered as “partially rebridged” moieties as they are attached to only
parts of the drug-payload (Fig. S1a). The formation of these +93 Da
(alkynyl adduct) and +457 Da (sulfonamide) arises most likely from the
fragmentation of the EBZ reagent upon thiolate addition through an
elimination reaction (Fig. S1b) [38]. Of note, unmodified Lc might
originate from unreacted EBZ.

Despite optimizations of the chromatographic method, no better
separation of Fab and Fd peaks (R = 0.95) could be obtained due to
similar hydrophobicities of Fab and Fd fragments. The observation of
free Lc and Fd subunits only in the rebridged samples (and not in the
control unconjugated Fab) undoubtedly confirms that the rebridging
reaction is not complete, corroborating our hypothesis that species
detected in SEC-nMS consist of a mixture of covalently rebridged Fab
and non-covalently maintained Fab. Thereby, the intensities of the
unreacted species might serve as an indirect method to relatively
quantify the rebridging efficiency. Given that the by-products account
for 22 + 1 % (Fab#A) and 41 + 1 % (Fab#B) of the overall signal, it
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Fig. 3. UV-chromatograms obtained by rpLC-MS analysis of (a) unreacted Fab, (b) Fab#A and (c) Fab#B. UV signal of (d) trastuzumab and (e) rebridged trastu-

zumab. Mass measurements of the different species are summarized in Table S2.

could be inferred that the rebridging was more effective for Fab#A.

Similar rpLC analysis was performed on the rebridged intact mAb.
While one unique chromatographic peak (13.30 min, 145 864.8 + 0.6
Da) is observed for intact deglycosylated trastuzumab (Fig. 3d), the
chromatogram of the rebridged mAb exhibits additional signals in the
10-12 min range along with a broader main peak (FWHM = 0.6 min) at
13.30 min (Fig. 3e). Peak 1 (at 10.75 min) could be assigned to the
unconjugated Lc (2%, 23 439.9 + 0.1 Da); peak 2 to Lc+457 Da corre-
sponding to “partially rebridged Lc” (13%, 23 896.9 + 0.1 Da) over-
lapped with dimeric Lc species mainly 2 Lc DO and 2 Les D1 (48 877.9 +
0.1 Da and 47 430.2 + 0.4 Da, respectively). Peak 3 exhibits several co-
existing populations, comprising different forms of species of mainly
mAb/2 species (D1 and D2) along with intact mAb products (DO, D1, D2,
D3, and D4). The different conjugated species detected at the intact
trastuzumab level led to an avDAR value of 2.4 + 0.1, which is in line
with the results obtained using SEC-nMS. In addition, MS signals cor-
responding to the release of one (123 kDa, mAb-Lc) and 2 Lcs (99 kDa,
mAb-2Lc) were also observed within the broad chromatographic peak
(Table S2).

Altogether, our results highlight that rpLC-MS is far more informa-
tive than SEC-nMS for the characterization of both main and side
products resulting from a partial rebridging reaction. Intact Fab/mAb
signals allow determination of the DLD and the avDAR. In addition, free
Lc (unmodified and bearing one linker-payload molecule) along with
mAb/2 species detection support incomplete rebridging reaction hy-
pothesis, with several side-products identified. However, the high
number and the co-elution of some rpLC-MS detected entities hampers
an easy estimation of the rebridging reaction yield/efficiency. As ioni-
zation efficiencies of co-eluting half and intact mAbs are significantly
different, the accurate calculation of the ratio between covalently and
non-covalently rebridged species is also difficult.

3.3. Hybrid dSEC-MS for rebridged mAb-based formats characterization

In order to improve available LC-MS methods and with the idea to
develop a method that provides a maximum of information in a
straightforward manner, we next aimed at performing SEC in denaturing
conditions followed by classical denaturing MS analysis (ASEC-MS). We
took advantage of the benefits of SEC-nMS and rpLC-MS for rebridged
mAb analysis, namely SEC capabilities of size variants separation along
with denaturing conditions necessary to distinguish between covalent
and non-covalent rebridged assemblies. Chumsae et al. (2009) have re-
ported the use of SEC-MS in denaturing conditions for the analysis of
reduced mAbs, yielding to subunits (He and Lc) separation within ~80
min [41]. We have thus adapted the previously described protocol (run
duration, gradient and column choice) with the aim of reducing the
analysis time while keeping the LC separation by using cutting-edge
sub-3pm SEC columns. Separation capabilities of two different SEC
columns (AdvanceBioSEC3 300 A 2.7 pm, 4.6 x 150 mm column, Agi-
lent and Maxpeak Protein SEC 250 A17 pm, 4.6 x 150 mm column,
Waters) were tested on Fab#A sample along with the optimization of the
chromatographic conditions (Fig. S2). In both cases, two main peaks are
detected. The use of the AdvanceBioSEC3 column provided a clear
separation (Rs = 0.73) of the covalently rebridged Fab populations
(~50 kDa, DO and D1), while Lc and Fd subunits (~25 kDa) co-elute in
the second peak. Conversely, the Maxpeak Protein SEC column exhibits
enhanced baseline separation (Rs = 5.80) with lower retention times,
more symmetrical chromatographic peak shapes (As = 1.74 for the
major peak) and less peak tailing, which consequently, leads to partial
separation of Lc and Fd fragments. Altogether, these results clearly
demonstrate that secondary interactions between the analytes and the
stationary phase of the Maxpeak Protein SEC column are drastically
reduced. This is due to the particle technology of the Maxpeak Protein
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SEC column that is built following the Ethylene Bridged Hybrid (BEH)
technology with an additional coverage of hydroxyl-terminated poly-
ethylene oxide (PEO) that acts as a barrier surface to eliminate
nonspecific interactions. Thus, the inertness of the Maxpeak Protein SEC
column highlights the suitability of the latter column to separate pop-
ulations that can be generated during the rebridging process.

For the reference Fab sample, one sharp peak (FWHM = 0.19 min) is
observed at 10.88 min on the dSEC-UV chromatogram corresponding to
the mass of the Fab fragment (47 638.9 + 0.1 Da) co-eluting with Fab-
KTH species (47 273.3 + 0.3 Da). Interestingly, for Fab#A and Fab#B
(Fig. 4a), three different peaks were detected according to dSEC-UV
signal (versus only one peak observed in SEC-nMS, Fig. 2a). The major
peak for both samples (10.88 min) corresponds to co-elution of cova-
lently rebridged Fab D1 species (48 190.8 £ 0.3 Da for both, Fab#A and
Fab#B) and DO species (47 638.6 + 0.3 Da and 47 638.8 + 0.3 Da for
Fab#A and Fab#B, respectively). Fab-KTH species were also observed in
this region (47 272.0 + 0.4 and 47 272.0 + 0.6 Da for Fab#A and
Fab#B, respectively). The dSEC separation shows two partially resolved
(Rs = 5.8 and Rs = 5.5 for Fab#A and Fab#B, respectively) additional
peaks for both samples: peak 2 (~13.08 min) and peak 3 (~13.37 min)
corresponding to Fd and Lc species, respectively. The deconvoluted mass
spectra for peak 2 pinpoints the co-elution of both unmodified Lc (23
439.5 + 0.2 Da and 23 439.6 + 0.2 Da for Fab#A and Fab#B, respec-
tively) and Fd+93 Da fragment (24 292.3 + 0.5 Da and 24 292.6 + 0.5
Da for Fab#A and Fab#B, respectively) species. The peak 3 shows the
presence of partially rebridged species namely: Lc+457 Da (23 896.6 +
0.4 Da and 23 896.7 + 0.4 Da for Fab#A and Fab#B, respectively) and
Fd+457 Da (24 657.6 &+ 0.3 Da and 24 657.7 £ 0.5 Da for Fab#A and
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Fab#B, respectively). The experimental masses and the relative in-
tensities corresponding to the Fab conjugates are overall in line with the
masses reported with SEC-nMS, leading to a very similar avDAR value
(0.8 £ 0.0 and 0.6 £ 0.1 for Fab#A and Fab#B, respectively). Similarly
to SEC-nMS, relative intensities of chromatographic peaks of intact Fab
versus non-rebridged fragments (such as Fd and Lc) could serve to easily
approximate the ratio of covalent versus non-covalent rebridged Fab.
Therefore, upon integration of the chromatographic peak area of the
fragments signals, the relative amount of by-product species represents
11 4+ 0 % and 25 + 2 % of the total signal for Fab#A and Fab#B samples,
respectively. However, as it can reasonably be assumed that Fab DO and
D1 species have similar ionization efficiencies, D1 species represent 75
+ 3 % and 62 + 2 % of the Fab main peak area, respectively.
Performances and benefits of the dSEC-MS method were even more
obvious for intact rebridged trastuzumab analysis (Fig. 4e). While one
unique peak is observed for unreacted trastuzumab, dSEC-UV shows 6
peaks corresponding to rebridging products of different sizes: intact
mADb species (~150 kDa) which are baseline resolved from mAb/2
species (~75 kDa), He (~50 kDa) and Lc (~25 kDa) species, which
significantly improves the ease of data interpretation. The most intense
peak was assigned mainly to different intact rebridged trastuzumab
species (from D1 to D4) with an avDAR of 2.5 + 0.1, similar to the value
calculated with the previous LC-MS methods. Of note, the chromato-
graphic peak of rebridged trastuzumab is slightly larger compared to the
reference trastuzumab (FWHM = 0.35 min versus 0.23 min for reference
mAD). In this case, the peak broadening is caused by the co-elution of
structures where either one (~123 kDa, mAb D1 lacking the Lc+457 Da
fragment) or two Les (~99 kDa, mAb D1 lacking 2 Lcs) have been
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Fab Unreacted Fab DO D1 Lc Fd+93 Da Lc + 457 Da Fd + 457 Da
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Fig. 4. dSEC-MS analysis of reference Fab (blue), Fab#A (pink) and Fab#B (green). (a) Overlay of the SEC-UV signals of the three samples. The right side of the
figure represents the corresponding mass spectra of each sample with (b) the zoom on the charge state 30+ for the Fab peak (~10.8 min), (¢) zoom on the 14+ for the
second peak (~12.9 min) and (d) the zoom on 14+ for the last peak (~13.3 min). (e) SEC-UV profiles in denaturing conditions of naked trastuzumab (blue) and
rebridged trastuzumab (pink). Peaks from 1 to 6 represent the different observed species with their corresponding masses detected further in the MS and summarized
in Table S3. (f) Mass spectrum of the intact rebridged mAb species zoomed on the 48+ and (g) represents the drug load distribution of the intact rebridged mAb.
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released as a result of an incomplete rebridging reaction. This is
consistent with the detection of free Lc species (11-14 min). However, in
our dSEC-MS conditions, the peak representing the intact trastuzumab
species is noticeably less complex to its counterpart in rpLC-MS analysis.
This is due to non-overlapping mAb/2 nor free He with intact mAb
species (Figs. S3 and 54).

For relative quantification of covalently rebridged species, extracted
ion chromatograms (XIC) of expected rebridged mass species in peak 1
(Fig. 4e, m/z 3128.10) allowed us to determine the amount of the
completely rebridged species (16% of D4 species) versus partially
rebridged ones (Fig. S5). Moreover, our study revealed the presence of
other conjugates on free subunits. Particularly, the mAb/2 (bearing one
or two payloads 73 486.5 + 0.7 Da and 74 038.7 + 0.5 Da) along with
the two rebridged Lc subunits (47 429.1 + 1.0 Da) as already observed
in rpLC-MS (Fig. 4c). More species were observed bearing increment
masses corresponding to incomplete conjugation, mainly for the He (50
140.9 + 1.1 Da) and Lc (23 896.4 + 0.3 Da) (see Table S3).

Although this sample is very challenging due to its high heteroge-
neity, our method could clearly assign the avDAR along with the DLD of
the rebridged intact trastuzumab. More importantly, we could relatively
quantify the covalent rebridging efficiency even if it is tricky to separate
the mAb, the mAb-2Lc and the mAb-Lc, leading to monitor the reaction
of intact trastuzumab rebridging.

4. Conclusions

We have evaluated the advantages and limitations of two LC-MS
methods broadly used for mAb and ADC characterization, namely
SEC-nMS and rpLC-MS, for the characterization of conjugated Fab
fragments (Fab-drug conjugates, FDCs) and ADCs resulting from a
rebridging reaction. While native MS has been reported as a very
important method for several ADC-formats characterization (Lys, Cys)
[42,43], we highlight that it is not optimal for a comprehensive in-depth
characterization of FDC/ADC rebridging products. Despite the
straightforward determination of avDAR and DLD, native MS failed in
distinguishing expected covalently rebridged species from
non-covalently rebridged assemblies resulting from an incomplete
rebridging reaction. To do so, harsh denaturing conditions used in
rpLC-MS are preferred and afforded differentiation between fully
rebridged mAb/Fab fragment and rebridging by-products (mAb/2, Lc,
Hc, Fd). However, one main limitation of rpLC-MS relies in co-elution of
species with similar hydrophobicities, such as intact mAb or mAb/2 that
exhibit very different ionization efficiencies in MS analysis. Size-variant
separation capabilities offered by SEC thus seemed to be of utmost
importance to separate intact mAb species (~150 kDa) from mAb/2
species (~75 kDa), Lc and Fd subunits (~25 kDa) and all by-products
resulting from incomplete Fab or mAb rebridging. By synergizing the
potentialities of SEC for size variant separation and denaturing condi-
tions in the chromatographic dimension to disrupt non-covalently
maintained rebridged species, we have developed a straightforward
hybrid dSEC-MS method for size-variant separation followed by precise
mass measurement in denaturing conditions. This method provides
invaluable rapid assessment of the main CQAs requested for ADCs
(avDAR, unreacted DO, and DLD) along with thorough identification of
all reaction by-products through accurate mass measurements. Thus,
allowing a more comprehensive understanding about the chemical
mechanism of the bioconjugation process. Ultimately, the capability of
using cutting-edge inert sub-3um columns with an adaptable benchtop
LC-MS system enables our method to be adopted by biopharmaceutical
R&D laboratories for routine analytical characterization of newly
developed ADCs resulting from rebridging reactions.
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