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Generation of sequence defined antibodies from universal libraries by phage display has
been established over the past three decades as a robust method to cope with the
increasing market demand in therapy, diagnostics and research. For applications
requiring the bivalent antigen binding and an Fc part for detection, phage display
generated single chain Fv (scFv) antibody fragments can rapidly be genetically fused to
the Fc moiety of an IgG for the production in eukaryotic cells of antibodies with IgG-like
properties. In contrast to conversion of scFv into IgG format, the conversion to scFv-Fc
requires only a single cloning step, and provides significantly higher yields in transient cell
culture production than IgG. ScFv-Fcs can be effective as neutralizing antibodies in vivo
against a panel of pathogens and toxins. However, different scFv fragments are more
heterologous in respect of stability than Fab fragments. While some scFv fragments can
be made extremely stable, this may change due to few mutations, and is not predictable
from the sequence of a newly selected antibody. To mitigate the necessity to assess the
stability for every scFv-Fc antibody, we developed a generic lyophilization protocol to
improve their shelf life. We compared long-term stability and binding activity of phage
display-derived antibodies in the scFv-Fc and IgG format, either stored in liquid or
lyophilized state. Conversion of scFv-Fcs into the full IgG format reduced protein
degradation and aggregation, but in some cases compromised binding activity.
Comparably to IgG conversion, lyophilization of scFv-Fc resulted in the preservation of
the antibodies’ initial properties after storage, without any drop in affinity for any of the
tested antibody clones.

Keywords: phage display, recombinant antibody, lyophilization, freeze-drying, antibody stability, antibody
formatting, IgG, scFv-Fc
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INTRODUCTION

Antibodies play a major role in modern medicine and serve as
indispensable tools in the field of research, diagnostics and
therapy (Borrebaeck, 2000; Rhodes and Trimmer, 2006;
Kaplon and Reichert, 2021). With an approximated market
value of US$ 137 – 200 billion in 2022 monoclonal antibodies
are considered the fastest growing class of therapeutic proteins
(Ecker et al., 2015; Grilo and Mantalaris, 2019). Between 1997
and 2013, 34 antibody therapeutics have been first approved by
either EMA and/or FDA. Within only the last ~7 years (March
2021) this number has tripled, with even more currently being in
clinical trials (Kaplon and Reichert, 2021).

Over the past decades, in vitro selection systems, most
prominently antibody phage display, have gained widespread
significance (Valldorf et al., 2021). This robust method allows the
rapid generation of sequence-defined human antibodies from
naïve, immune or synthetic libraries and has therefore become an
increasingly meaningful tool in the discovery of antibodies
against targets of all kinds (McCafferty et al., 1990; Barbas
et al., 1991; Breitling et al., 1991; Kügler et al., 2015; Alfaleh
et al., 2020; Wenzel et al., 2020).

The modular nature of antibodies enables a broad spectrum of
possibilities to generate novel recombinant molecules with
tailored properties to the final application. ScFv fragments
obtained from common phage display techniques are the
smallest binding part of a human immunoglobulin retaining
the full specificity, comprising only the variable parts of heavy
(VH) and light chain (VL) fused by a polypeptide linker (Holliger
and Hudson, 2005; Frenzel et al., 2013). Due to their small size
(~30 kDa) scFv antibodies are known for their higher tissue
penetration and exhibit rapid serum clearance by renal filtration
and lack of recycling mediated by FcRn binding, whichmakes this
format feasible for applications like radioimmunotargeting
(Milenic, 2000; Thurber et al., 2008; Li et al., 2016).

However, for most therapeutic approaches Fc-mediated
effector functions such as prolonged serum half-life, antibody-
dependent cellular cytotoxicity and activation of the complement
system are crucial (Lee et al., 2008; Jazayeri and Carroll, 2008).
Thus, the vast majority of antibodies that recently have been
approved by EMA or FDA and those in late-stage clinical studies
are still full-length IgGs (Kaplon and Reichert, 2021). While final
therapeutic antibody drugs mainly rely on the full IgG format,
conversion of promising candidates from the scFv format into
IgG has to be performed in two independent cloning steps, one
per each chain, making it a rather laborious process (Powers
et al., 2001). The Fc moiety can also be genetically fused to an
scFv via a single cloning step and without need for DNA
amplification (Powers et al., 2001; Schirrmann and Büssow,
2010). Consequently, during their development, the screening
of large numbers of candidates in functional in vitro or in vivo
assays requiring bivalency and/or Fc functions can then be
accelerated by using the simpler one step scFv to scFv-Fc
conversion (Bertoglio et al., 2021). Further, scFv-Fcs are often
produced with much higher yields in transient cell culture
systems (see also Table 3), making this format more amenable
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to HTS production of a large numbers of clones. Using Fc
moieties from different species can facilitate assays in non-
human models, or it can enable multiplex assays (Moutel et al.,
2009). Some scFv-Fcs could directly be used for diagnostics and
therapy (Kenanova et al., 2005; Wan et al., 2013; Sokolowska-
Wedzina et al., 2017; Bernhard et al., 2019; Hay et al., 2020).

As of today, a number of scFvs are used for therapeutic
applications, especially in CAR-T (Guedan et al., 2019) or
bispecific antibody constructs (Brinkmann and Kontermann,
2017). ScFv fragments lack the CH1/CL immunoglobulin
domain. It has been shown that CH1/CL interaction is
responsible for most of the Fab fragment stability due to their
interchain disulfide bond and not just by domain association to the
variable parts (Röthlisberger et al., 2005), amatter that consequently
impacts also scFv-Fc antibodies. ScFv molecules are kept together
by a flexible linker, allowing some of them to oscillate between an
open and a closed state. This can lead to diabody formation and can
be strongly influenced by the linker length, antigen presence, pH, or
concentration, affecting folding or oligomerization (Arndt et al.,
1998; Schmiedl et al., 2000). Different approaches have been
proposed to improve scFv stability by forcing a VH/VL pair close
state with the introduction of a non-native disulfide bond between
the two variable parts (Brinkmann et al., 1993; Trivedi et al., 2009;
Zhao et al., 2010; Cai et al., 2016), cyclization (Yamauchi et al.,
2019), or by means of mutagenesis of residues affecting the overall
molecule propensity to aggregate (Zhang et al., 2015; Austerberry et
al., 2019). However, these methods require considerable effort and
are for these reasons typically applied onlyat the endof the antibody
lead candidate selection process.

During storage, proteins are exposed to a variety of
physicochemical stresses that can impair their integrity and
stability dependent on the intrinsic sequence and conformational
nature of a protein (Manning et al., 2010; Obrezanova et al., 2015).
Amongother factors,degradationofhumanmonoclonalantibodies
occurs typically via Asn deamidation, N-terminal Glu cyclization
forming pyroglutamate and fragmentation within the hinge region
with a rate dependent onpHvalue und temperature (Cordoba et al.,
2005; Liu et al., 2006; Pace et al., 2013). Chemical degradation is
subsequently interrelated with a higher risk of aggregation.
Moreover, unfolding and protein-protein association as well as
extreme pH values and shifts have to be taken into account as
sources of aggregates (Manning et al., 2010). Since air-liquid and
solid-liquid interfaces contribute to the formation of aggregates,
too, it is important to state that not only chemical processes and
environmental factors drive protein destabilization, but also sample
handling and storage conditions (Wang et al., 2010).

In general, proteins stored in solid form are more stable than
liquid formulations, because in the absence of water hydrolysis
reactions are decelerated. Hence, shelf-life of proteins can be
extended by means of drying (Harris et al., 2004). Freeze-drying
is a comparatively gentle method for drying products that is based
on the principle of sublimation. Therefore, removal of water can be
performedwhile circumventing exposure ofproteins to critical high
temperatures (Franks, 1998). Moreover, freeze-drying results in
products that can easily be rehydrated. Thus, the process is also
referred to as lyophilization (ancient Greek: lύw/leo “to dissolve”
November 2021 | Volume 11 | Article 717689
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and jilέw/phileo “to love”) (Varshney and Singh, 2015). For the
reasons mentioned above, despite substantial costs, lyophilization
is the method of choice for preservation of sensitive
biopharmaceuticals that are prone to loss of stability when
stored in solution. About 50% of the currently marketed
biopharmaceuticals are lyophilized, including blockbuster
monoclonal antibodies such as Infliximab or Trastuzumab
(Schwegman et al., 2005; Bjelošević et al., 2020). Indeed, non-
native aggregation and degradation are known to not only
possibly vanish a protein therapeutic’s desired biological function,
but they can also lead to adverse immunogenicity (Xu et al., 2019).

Briefly, a lyophilization cycle can be divided into three phases.
First, the sample will be frozen. This step is critical in respect of
protein destabilization. Different components of the formulation
can sequentially crystallize, which may result in harmful pH shifts
or concentration peaks. This can lead to increased protein-protein
interactions resulting in a higher likelihood of aggregation and
increased ionic strength (Franks, 1998; Tang and Pikal, 2004;
Kasper and Friess, 2011). Both can be counteracted by using a
suitable buffer system and cryoprotectant excipients, mainly non-
reducing disaccharides such as sucrose or trehalose that protect the
protein during freezing via mechanisms like vitrification and
preferential exclusion. Formation of phase interfaces can
additionally be reduced by the use of polysorbate 20 or other
non-ionic surfactants (Crowe et al., 1996; Roos, 1997; Schwegman
et al., 2005; Bhatnagar et al., 2007; Emami et al., 2018). After
freezing, sublimation of crystalline water will be initiated by
setting a vacuum and subsequently slightly increasing the
temperature. This step is called primary drying, followed by
secondary drying. Here, the temperature will be further increased
in order to remove residual amorphous water by diffusion (Franks,
1998; Colandene et al., 2007). Since hydrogen bonds can’t be built
properly, dehydration has a huge impact on in particular sensitive
proteins’ secondary structure. Disaccharides can serve as water
replacement in order to maintain the native protein’s structure
(Prestrelski et al., 1993). Furthermore, additional excipients like
mannitol can be used as crystalline bulking agents that facilitate the
formation of an elegant lyophilization cake appearance (Horn and
Friess, 2018).

In this study, we describe a novel scFv-Fc lyophilization
protocol able to preserve the properties of freshly produced
scFv-Fc antibodies over at least six months in terms of
molecular mass (MM) distribution and binding activity. The
protocol was also validated for lyophilization of IgGs. By
comparing the activity of the same antibody in scFv-Fc or IgG
format, we found that not all scFv antibodies tolerate IgG
conversion, highlighting the need for a suitable alternative
bivalent antibody format for these clones’ characterization.
MATERIAL AND METHODS

Cloning, Expression, and Purification of
scFv-Fc and IgG Antibodies
Conversion of phage display derived scFv fragments into scFv-Fc
format with either human or murine Fc parts was performed by
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
subcloning scFv encoding DNA into the mammalian cell
production vectors pCSE2.6-hIgG1-Fc or pCSE2.6-mIgG2a-Fc
(Jäger et al., 2013) using NcoI/NotI (New England Biolabs)
restriction. In order to generate mouse IgG antibodies VH and
VL were cloned into pCSEHm2a.2 (heavy chain) and
pCSLmK.2/pCSLmL3.2 (kappa/lambda light chain). The
vectors are mouse variants of pCSH1c or pCSL3I, respectively
(Steinwand et al., 2014). Cloning was performed via Golden gate
assembly approach (Engler et al., 2008) with Esp3I endonuclease
(New England Biolabs) and T4 DNA ligase (Promega). For this
purpose, the Esp3I restriction sites were introduced into the
desired VH and VL by PCR using Q5 High-Fidelity DNA
Polymerase (New England Biolabs). The original scFv genes
served as template DNA.

Production of scFv-Fc and IgG antibodies was done in
Expi293F (Thermo Fisher Scientific) or HEK293-6E suspension
cells (Jäger et al., 2013). Cells were transfected using
polyethylenimine (PEI, Polysciences) and cultured at 37°C,
110 rpm and 5% CO2 in serum-free Gibco™ FreeStyle™ F17
expression media (Thermo Fisher Scientific) supplemented with
7.5 mM Glutamine (Biochrom) and 0.1% Pluronic F68 (PAN
Biotech). After 48 hours the culture volumes were doubled with
either fresh F17 medium for Expi293F or HEK TF (Xell)
supplemented with 8 mM L-Glutamine and 1/10 volume HEK
FS (Xell) for HEK293-6E cells. Five days later the cultures were
harvested followed by purification of the obtained antibodies via
Protein A affinity chromatography using MabSelect™ SuRe™

resin (Cytiva). After purification the elution buffer was
exchanged for 1 x PBS using Zeba™ Spin Desalting Columns
(Thermo Fisher Scientific) or dialysis. Antibodies were stored at
-80°C until further use.

Sample Preparation and Lyophilization
Procedure
TUN219-2C1-hFc, a scFv-human IgG1-Fc fusion (Russo et al.,
submitted), was differently formulated in order to screen for
beneficial combinations of buffer and excipients for
lyophilization. Sample preparation consisted in performing
buffer exchange from 1 x PBS using Zeba™ Spin Desalting
Columns (Thermo Fisher Scientific). Afterwards, 1 or 2% (w/v)
trehalose or sucrose or the equivalent amount of water were
added and the antibody’s concentration was adjusted to 0.5 mg/
mL. In the protocol validation and IgG comparison section only
the best tested formulation containing 10 mM sodium phosphate
buffer (pH 7.4) with 2% (w/v) trehalose was used.

Nunc MaxiSorp™ flat-bottom multiwell strips (Thermo
Fisher Scientific) were used in the formulation screening
section and contained 105 µL per well with triplicates of each
formulation distributed on different strips. The strips were
randomly placed on the precooled (4°C) shelf of a Beta 2-8
LSCplus lyophilization machine (Martin Christ) and loosely
closed with TPE lyophilization caps (Micronic). Lyophilization
was done by single chamber operation. Freezing of samples was
carried out inside the chamber by decreasing the shelf-
temperature to - 35°C within 1 h and keeping this temperature
for additional 5 h. Afterwards, sublimation was initiated by
November 2021 | Volume 11 | Article 717689
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setting a vacuum of 0.1 mbar. Primary drying was then
performed for 12 h. Following this, the shelf temperature was
increased to 20°C within 5 h while the vacuum was furthermore
decreased to 0.08 mbar in order to initiate secondary drying. This
final shelf temperature and pressure were kept for additional 2 h.
After the lyophilization cycle was completed the chamber was
flooded with nitrogen until ambient pressure was reached before
the wells were tightly closed. Lyophilizates were reconstituted in
250 µL ultrapure water for functional analysis.

Lyophilization in 2 mL crimp top glass vials with a diameter
of 11 or 15 mm (Phenomenex or Wheaton Industries,
respectively) was performed using 189 µL or 315 µL antibody
solution, respectively. The latter sample size was used in the
initial formulation screening section. The vials were randomly
positioned on the shelf and loosely closed using lyophilization
caps (189 µL) or rubber stoppers (Wheaton Industries) (315 µL).
All samples with 189 µL volume were lyophilized using the Alpha
2-4 LSCplus (Martin Christ) with an internal freezing step in
which the temperature was decreased to - 65°C within 3 h.
Samples with 315 µL volume were frozen externally at - 80°C
over night on the machine’s demountable shelf before using the
Beta 2-8 LSCplus. Primary drying was performed by setting a
vacuum of 0.1 mbar, keeping the shelf temperature at - 50°C for
30 min and finally increasing it to - 35°C within 1 h. This
condition was kept for 36 h followed by decreasing the vacuum
to 0.08 mbar and increasing the temperature to 20°C within 16 h
in order to initiate secondary drying. After additional 16 h the
procedure was stopped and the chamber was either flooded with
air (Alpha 2-4 LSCplus) or nitrogen (Beta 2-8 LSCplus), before
the vials were tightly closed. In case lyophilization caps were
used, the rims of the closed vial lids were additionally sealed with
parafilm. Reconstitution was performed with volumes of
ultrapure water identical to the pre-lyophilization volumes.

Storage Conditions
The impact of time and temperature on lyophilized scFv-Fc and
IgG antibodies under different storage conditions was compared
with equivalent aqueous samples in 1 x PBS. For this purpose, up
to three replicates for each storage condition were lyophilized as
described in the same cycle. Additionally, up to three aliquots of
the same antibody production and purification were diluted to
0.5 mg/mL in 1 x PBS in PCR tubes or 2 mL screw cap micro
tubes. The tubes were then additionally sealed with parafilm.
Lyophilized and liquid samples were stored at 4°C or RT for up
to 6 month or at 45°C for 2 days. Samples that have directly been
stored at - 80°C after purification or subsequent lyophilization
were considered as 0 days of storage time.

Selection of Formulations Based on
Cake Appearance
Per each condition, three individual samples were inspected for
successful lyophilization based on the lyophilizate’s macroscopic
appearance. Exclusion criteria were meltbacks or major cake
collapse as well as unusually long reconstitution times, but not
shrinkage of a formed cake. The formulation was considered
unsuccessful if at least two out of three samples met an
exclusion criterion.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Antibody Titration ELISA
In order to compare the binding activity of scFv-Fc and IgG
antibodies, an enzyme-linked immunosorbent assay (ELISA) was
performed. 96-well MTPs (High Bind, Corning) were coated
overnight at 4°C with 100 ng/well of the corresponding antigen
in 1 x PBS. Additionally, unspecific binding was tested on
unrelated proteins. The next day, residual liquid was removed
followed by blocking the wells with 350 µL 2% M-PBST (2% (w/v)
milk powder dissolved in 1 x PBS; 0.05% Tween20) for 1 h at RT.
Afterwards, the blocked ELISA plates were washed three times
with H2O and 0.05 % Tween20 and antibodies were titrated from
1 µg/mL to 3.16 pg/mL or 10 µg/mL to 500 pg/mL. Binding took
place for 1 h at RT followed by three washing cycles with H2O and
0.05 % Tween20. Hereafter, bound antibodies were detected for 1 h
at RT with 100 µL horseradish peroxidase (HRP) conjugated goat
anti-hIgG (A0170, Sigma) or goat anti-mIgG serum (A0168,
Sigma) diluted 1:70,000 or 1:42,000, respectively, in 2% M-PBST.
Next, unbound antibodies were washed away three times with
H2O and 0.05% Tween20 before 100 µL freshly prepared
tetramethylbenzidine (TMB) substrate (20 parts TMB solution A
(30mMpotassium citrate; 1% (w/v) citric acid (pH 4.1)) and 1 part
TMB solution B (10mM TMB; 10% (v/v) acetone; 90% (v/v)
ethanol; 80mM H2O2 (30%)) was dispensed to each well and
incubated at RT. After the color reaction was stopped by adding
100 µL 1 N sulfuric acid, the absorbance at 450 nm was measured
with a reference at 620 nm using an ELISA plate reader (Epoch,
BioTek). EC50 values were calculated with OriginPro (versions
2016, 2018, 2020 and 2021, OriginLab) using Logistic5 curve fit.
Size Exclusion Chromatography
Antibody MM distributions dependent on different storage
conditions were investigated by either size-exclusion high
performance liquid chromatography (SE-HPLC) or size
exclusion chromatography (SEC). To avoid clogging of the
column, each sample was centrifuged at 3200 x g for 30 min
and subsequently filtered (0.2 µM). For analysis via SE-HPLC,
the separation was performed in 150 mM sodium phosphate
buffer (pH 7.0) using an AdvanceBio SEC 300 column (Agilent
Technologies) with a separation limit of 5 – 1250 kDa. Prior to
injection the samples were diluted in 400 µL running buffer to a
final concentration of 50 µg/mL. Per run a volume of 20 µL was
injected and separated with a flow rate of 0.35 mL/min using
Clarity (DataApex) for operation. Chromatograms were further
analyzed with Origin. The separation via SEC was performed in
50 mM sodium phosphate buffer with 150 mM NaCl (pH 7.0)
using a Superdex200 Increase 10/300 GL column (Cytiva) with a
separation limit of 10 - 600 kDa. Antibodies were injected onto
the column in quantities ranging from 10 to 50 mg. The flow rate
was set to either 0.5 or 0.75 mL/min. For the operation of the
SEC systems and for data export the software UNICORN 5.10 or
UNICORN 7.0 was used. Afterwards the chromatograms were
evaluated using the OriginPro software (versions 2016, 2018,
2020 and 2021). Both columns were calibrated according to the
manufacturer’s instructions using the “Gel Filtration Markers for
Prote in Molecular Weights 12 ,000 - 200 ,000” ki t
(Sigma-Aldrich).
November 2021 | Volume 11 | Article 717689
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RESULTS

Formulation Screening in MTPs
Proteins are exposed to a variety of mechanical and
physicochemical stresses during a freeze-drying process.
Therefore, an initial selection of 55 formulations was screened
for their capability to protect a monoclonal anti-c-Myc tag scFv-
Fc antibody (TUN219-2C1-hFc), which was selected for its non-
optimal stability, during lyophilization and subsequent storage.
In order to allow a sufficient number of replicates, this
lyophilization was performed in microplate strips.

Lyophilized samples were first compared based on their
macroscopic appearance (Figure 1A). All formulations
containing 0.01 M sodium or potassium phosphate buffer in
combination with trehalose or sucrose as cryoprotectant led to
the formation of lyophilization cakes, which in a few cases had a
slightly shrunken appearance, whereas the 2% solutions were
basically favorable in terms of cake uniformity. Without the
addition of any excipients, only formulations containing 0.1 M
sodium phosphate or 1 x PBS resulted in adequate lyophilization
cakes. The use of 0.1 M potassium phosphate or Tris buffers
resulted in poor to no cake formation independently from the
addition of either trehalose or sucrose (Table 1).

For those buffer formulations where a cake formed and could
be reconstituted, the binding activity of TUN219-2C1-hFc prior
and post sample preparation and lyophilization was compared in
antigen ELISA (Figure 1C). The sigmoidal binding curves
describing concentration-dependent antigen binding of each
lyophilized sample with EC50 values in the range of 1.1 ± 0.1
ng/mL (0.01 M sodium phosphate pH 7.4 with 1% trehalose) to
4.6 ± 0.1 ng/mL (0.1 M sodium phosphate pH 7.8 without
excipient) overlapped with the one of fresh antibody (EC50 =
3.9 ± 1.1 ng/mL) (Supplementary Table 1). In addition, no
increase in stickiness was detected due to lyophilization, as
proven by the absence of binding on unrelated antigen (data
not shown). While binding activity in ELISA did not show
detectable differences among the tested buffer formulations for
lyophilization, this cannot exclude differences in the protein’s
physical state.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
To investigate whether or how the antibody stability profile
was affected by the presence of specific buffers and excipients
during lyophilization, we analyzed each sample in size-exclusion
chromatography (SEC) including the freshly produced TUN219-
2C1-hFc as reference (Figure 1D). The chromatogram showed
the presence of distinctive peaks, with the first and most
prominent occurring at 12.4 mL. The corresponding molecular
mass (MM) was calculated to ~86 kDa, despite the MM was of
109 kDa according to its protein sequence (two 54.5 kDa
monomers). Relative MM and the absence of degradation were
assessed in SDS-PAGE and coomassie blue staining of scFv-Fc
separated under reducing conditions, which showed a double
band ~55 kDa corresponding to glycosylated and unglycosylated
protein (data not shown). In SEC, a molecule’s retention is based
on its hydrodynamic radius and interaction with the column
material. Thus, the calculated size may not be equivalent with its
actual MM (Ghose et al., 2007; Philo, 2009). Thereof, it can be
assumed that this peak represents the flexible scFv-Fc fusion
protein monomer. A second peak with a shoulder occurring at
smaller retention volumes represents high molecular mass
species (HMMS). Additionally, a peak occurred at a retention
volume of 0.29 mL, but the comparison with a sample run under
injection of pure water indicated that this is a protein-
independent injection peak (data not shown). The
chromatograms of the lyophilized scFv-Fcs showed only slight
deviations from the fresh sample (Figure 1D). For all
formulations examined, peaks appeared for monomers and
HMMS but these were different with respect to proportions
among each other and from the control.

The peak areas were calculated and summarized
(Supplementary Table 1). The monomer fraction of the fresh
reference sample was 76.9 ± 0.6%. Freeze-drying using potassium
phosphate buffers generally resulted in slightly reduced
monomer content. The same was observed for Tris-HCl
buffered and 1 x PBS formulations. Lyophilization in sodium
phosphate buffered formulations, on the other hand, tended to
result in most cases in even higher monomer contents than
that of the control with a maximum of 82.1 ± 1.7% for 0.01 M
sodium phosphate pH 7.4 with 2% trehalose. However, 0.1 M
A B C D

FIGURE 1 | Lyophilization protocol screening parameters. (A) Cake appearance categorization based on optical evaluation. Formed or formed and shrunken cakes
are assigned a “+” in Table 1 or an “x” when difficult to reconstitute, not-formed or collapsed cakes receive a “-” in the same table. (B) Exemplification of correctly
formed cakes in independent sample triplicates. Comparison of fresh versus lyophilized sample in (C) indirect ELISA, to study the molecules binding activity, or (D) in
SEC, for the determination of the molecular mass distribution. SEC was performed using 50 µg fresh or 10 µg lyophilized antibody.
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sodium phosphate pH 7.4 without excipient showed the lowest
monomer portion among all formulations (73.9 ± 2.9%). Finally,
a significant influence of the pH value and the cryoprotectant
substances with regard to aggregation and fragmentation of the
antibody could not be derived from the results.

Overall, sodium phosphate proved to be the most suitable
buffer to preserve TUN219-2C1-hFc stability during
lyophilization. Other buffer systems, as well as 0.1 M sodium
phosphate pH 7.4 without added sugar, were therefore excluded
from further validation work.

Shelf-Life Assessment of Preselected
Formulations in Glass Vials
Since glassware containers such as vials and ampullae are favored
for freeze-drying, long-term stability tests with the formulations
selected in the previous screening were performed using 2 mL
(15 mm) glass vials. Freeze-drying with the use of a cycle adapted
to the higher vial volume was performed in triplicates and
followed by sample storage for thirty days at RT or - 80°C.

In line with the results from the initial lyophilization buffer
screening, each tested formulation resulted in the formation of
cakes with correct appearances in glass vials. All cakes stored at
–80°C for 30 days showed no visual alteration of their
macroscopic structure independently from the formulation
adopted for lyophilization. Only after 30 days of storage at RT,
it was possible to discriminate between formulations resulting in
the formation of a durable product based on cake appearance
(Table 2). Remarkably, only 2 of 18 samples containing sucrose
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
withstand storage at RT, while in the presence of 1% trehalose
the formed cake collapsed over time or the antibody was difficult
to reconstitute. At 0.01 M concentration, sodium phosphate
buffer was confirmed to work with the addition of 2%
trehalose and undergo the storage period optically unchanged.
In contrast, we observed that 0.1 M sodium phosphate buffers
only in absence of sugar resulted in durable cakes. In the
presence of sugar, however, every cake lost its structure
over time.

Storage of TUN219-2C1-hFc in 1 x PBS solution at RT
resulted in a drop of the monomer species fraction measured
in SEC from 72.8 ± 0.7% to 13.3 ± 0.5%, mostly due to the
increased formation of degradation products. These data
correlate with the impaired binding activity measured in
antigen ELISA (Figure 2A). By comparing the EC50 value with
the one of fresh antibody sample, a 3.4-fold decrease in activity
could be determined (Supplementary Table 2). In contrast,
lyophilizing TUN219-2C1-hFc in 0.01 M sodium phosphate
buffer with a pH of 7.4 or 7.8 and 2% trehalose, as well as
0.1 M sodium phosphate buffer with a pH of 7.8 and no
excipient, preserved unaltered the original binding activity after
30 days at RT (Supplementary Table 2).

In line with their antibody binding activity, the same samples
did not show any formation of degradation products, however, if
no sugar was present in the formulation and sodium phosphate
concentration was raised to 0.1 M, a significant increase in
HMMS was observed after thirty days at RT (Figure 2B),
reducing the monomer content to only 50.0 ± 0.5%. The
TABLE 1 | Buffer formulation screening based on lyophilized cake optical appearance immediately after freeze-drying in microtiter plates.

Acceptable cake apperance

no excipient 1 % trehalose 2 % trehalose 1 % sucrose 2 % sucrose

1 x PBS pH 7.4 + + – – – – – – – – – – – – –

0.1 M potassium phosphate pH 7.0 – – – – – – – – – – – – – – –

0.01 M potassium phosphate pH 7.0 – – – + + + + + + + – + + + +
0.1 M potassium phosphate pH 7.4 x x – – – – – – – + + + – – –

0.01 M potassium phosphate pH 7.4 – – – + – + + + + + + + + + +
0.1 M sodium phosphate pH 7.4 + + – – + – – – + + + + – – +
0.01 M sodium phosphate pH 7.4 – – + + – + + + + + + + + + +
0.1 M sodium phosphate pH 7.8 + + + + + – + + + x x x + + +
0.01 M sodium phosphate pH 7.8 + – – + + + + + + + + + + + +
0.1 M Tris-HCl pH 6.8 – + – – – – – – – – – – – – –

0.01 M Tris-HCl pH 6.8 – – – + – – x – x – – – + + +
N
ovember 2021 | Volume
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Formed or formed but shrunken cakes are assigned a “+” or an “x” when difficult to reconstitute, not-formed or collapsed cakes receive a “-”. Illustration of the corresponding optical
appearances is given in Figure 1. Three values per formulation are resultant from three lyophilized products.
TABLE 2 | Buffer formulation screening based on lyophilized cake optical appearance after 30 days post lyophilization in glass vials.

Acceptable cake appearance

No excipient 1 % trehalose 2 % trehalose 1 % sucrose 2 % sucrose

-80°C RT -80°C RT -80°C RT -80°C RT -80°C RT

0.1 M sodium phosphate pH 7.4 + + + – – +
0.01 M sodium phosphate pH 7.4 + + + x x x + + + + + + + + + – – – + + + - - -
0.1 M sodium phosphate pH 7.8 + + + + + + + + + – – – + + + + – – + + + - - +
0.01 M sodium phosphate pH 7.8 + + + x – x + + + + + + + + + – – – + + + - - -
Formed or formed but shrunken cakes are assigned a “+” or an “x” when difficult to reconstitute, not-formed or collapsed cakes receive a “-”. Six values per formulation are resultant from
three lyophilized products each stored at - 80°C and RT.
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corresponding samples stored at - 80°C showed only in one of
three cases a slightly higher amount of HMMS (Figure 2B). For
both formulations containing 2% trehalose, no significant
differences in the MM distribution could be detected compared
to the control sample.

Due to the lower inter-replicate variation in the binding
activity measured in ELISA for TUN219-2C1-hFc lyophilized
in 0.01 M sodium phosphate buffer pH 7.4 plus 2% trehalose, this
formulation was preferred to the same at pH 7.8 for further
experiments. These results demonstrate that shelf-life of the
TUN219-2C1-hFc as model antibody at room temperature
could be significantly increased by the new freeze-drying
protocol. The protocol was successfully adopted to lyophilize
protein in 2 mL glass vials with a diameter of 11 mm where the
same degree of preservation of the original protein MM
distribution and binding activity and identical cake appearance
was obtained (Supplementary Figure 1).

Protocol Validation With Other
scFv-Fc Antibodies
The final lyophilization protocol was then applied to two other
scFv-hFcs, phage display-derived antibodies VIF137-E7-hFc
(Fühner et al., 2018) and SH1352-G9-hFc (Russo et al., 2018)
against Clostridioides difficile toxin B and zebrafish cadherin 2,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
respectively. Stability profiles of lyophilized and liquid samples
were evaluated after 7 and 30 days at RT or 2 days at 45°C as
accelerated long-term stability test (Figure 3).

Like with TUN219-2C1-hFc, lyophilization of VIF137-E7-
hFc and SH1352-G9-hFc resulted in adequate cakes, which did
not alter their appearance over 30 days at RT (data not shown).
When VIF137-E7-hFc was stored dissolved in 1 x PBS at RT
increased degradation already occurred within the first 7 days. At
this point, less than two thirds of the initial monomer content
was still present, which consequently resulted in reduced binding
in ELISA as well (Figure 3A). After 30 days, this effect was even
more pronounced. Residual monomer content dropped to as
little as 2.1 ± 1.6% (Supplementary Table 3), whereas most of
the detected species were degradation products (Figure 3A).
Thus, the corresponding antibody binding activity was almost
completely abolished. SH1352-G9-hFc showed comparable
behavior, albeit the antibody appeared to be stable for one
week at RT (Figure 3B). After 30 days, monomers were
drastically reduced compared to the initial value (from 61.4 ±
1.0% to 1.6 ± 0.4%) and the EC50 was found to be 757 ng/mL
compared to 56 ng/mL of the fresh antibody (Supplementary
Table 3). Moreover, although VIF137-E7-hFc showed reduced
binding with respect to the accelerated long-term test, prolonged
storage at RT seemed to have a stronger impact on the stability of
A

B

FIGURE 2 | Model antibody storage test. (A) TUN219-2C1-hFc antibody after storage for 30 days at RT in 1 x PBS solution was compared with the fresh antibody
in SEC and indirect ELISA, where 100 ng immobilized antigen were incubated with TUN219-2C1-hFc in a concentration range spanning from 3.16 pg/mL to 1 µg/
mL. (B) Differently formulated lyophilizates of TUN219-2C1-hFc were stored at RT or - 80°C for 30 days and afterwards compared with the fresh antibody in SEC or
indirect ELISA. Data derived relative affinity values (EC50) and monomer species percentages are shown in Supplementary Table 2.
November 2021 | Volume 11 | Article 717689
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both antibodies than a shorter incubation at higher temperature
(45°C). In contrast to the liquid storage form, shelf-life was
extended for both scFv-hFc antibodies by means of
lyophilization. Here, initial binding properties have been
preserved and no significantly increased amounts of HMMS
and low molecular mass species (LMMS) were observed in the
SEC chromatogram.

ScFv-Fc and IgG Format Comparison
In order to compare format-dependent binding activity, we
converted eight anti-human IgG scFv antibodies from various
gene families (Table 3) into scFv-mouseFc or mouseIgG formats.
All these clones, made exception for SH1844-E3 (anti-human
IgG1), were chosen due to previous observations of poor stability
(data not shown). Conversion into the IgG format impaired the
binding activity of half of the studied antibody clones (SH1842-
G4, SH1844-E11, SH1844-G6 and SH1846-F9), as represented
by the highly increased EC50 values or even complete loss of
activity in ELISA compared to the corresponding scFv-Fcs
(Figure 4). In contrast, SH1844-E3 showed a 4.6 fold decrease
in EC50 upon format change (Table 3).

Shelf-life under different storage conditions was assessed for
SH1842-A12, SH1842-D7, SH1842-G4, SH1844-E3 and SH1846-
F9. The format change led to an increase in the monomer fraction
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
after storage at RT for 30 days independent of the storage form
(Figure 5). Moreover, none of the IgG samples incubated two days
at 45°C was affected by this treatment. On the other hand, the MM
distribution assessment revealed that three out of five antibody
clones in the scFv-mFc format presented clear signs of degradation
after storage at RT for 30 days, including SH1842-G4, one of the
clones which cannot be converted into IgG. The known relation
between increase of the LMMS fraction and reduction of the
binding activity found confirmation also in this case. At the same
time, the inverse relation could not be always established, meaning
that an antibody that did not show any difference in its MM
distribution after storage may show reduced binding. This was
the case with SH1842-G4 that lost binding activity due to exposure
to high temperatures (45°C) for two days while not showing any
change in the monomer fraction, aggregation or degradation. In
contrast, by means of lyophilization the shelf-life of all unstable
scFv-mFc was prolonged. Here, after the whole period of storage,
the EC50 as well asmonomer portionwere still similar compared to
the fresh samples. All stable antibodies, such as IgGs, were not
intrinsically harmed by the lyophilization process.

In addition, an extended storage test for 6 months was carried
out for clone SH1842-D3 in scFv-mFc as well as mIgG format.
The antibody’s binding (Figure 6A) was strongly diminished
(mIgG) or completely abolished (scFv-mFc) upon storage at RT
A

B

FIGURE 3 | Time course analysis of different scFv-hFc mAbs activity and MM distribution upon storage test. Antibody proteins at 0.5 mg/mL concentration were
stored at RT or 45°C, respectively for 7 - 30 or 2 days, in liquid (solid lines) or solid, freeze-dried (dashed lines), state. Left panel: mAb titration binding curves on 100
ng immobilized antigen, right panel, representative SEC chromatograms for each condition for respectively scFv-Fc mAbs (A) VIF137-E7-hFc and (B) SH1352-G9-
hFc. All samples after storage are compared to fresh material (black line). ELISA curve error bars result from the analysis of 3 independently lyophilized or liquid
stored samples.
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in solution. SH1842-D3 mIgG antibody degraded over time
when stored at RT in solution (Figure 6B). In contrast to RT,
liquid storage at 4°C did not impair the molecules’ EC50, whereas
the monomer percentage was slightly reduced for the scFv-mFc
format. For both formats, lyophilization was also successful in
preserving the binding activity and amount of monomers of
SH1842-D3 at 4°C and RT to the levels of the fresh sample.

DISCUSSION
In this study, we describe the development of a new
lyophilization protocol to extend the shelf-life of antibodies in
the scFv-Fc format. Furthermore, we show that for specific
clones the format conversion into the more stable IgG format
impairs or completely abolishes binding, making lyophilization
the method of choice to increase these clones’ shelf life.

Despite eventually extending shelf-life of proteins, a freeze-
drying process intrinsically contains numerous protein
destabilizing factors. These effects are minimized by creating a
tailor-made protective environment for the protein of interest. A
total of 55 different buffer formulations were screened to
systematically determine the optimal scFv-Fc conditions for
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
freeze-drying and successful reconstitution. Per each
formulation was included maximum one stabilizing excipient
and the concentration of model scFv-Fc protein was kept at 0.5
mg/mL. The model antibody (TUN219-2C1-hFc) was selected as
candidate as we observed that liquid storage at RT for 30 days in 1
x PBS significantly impairs its binding activity in ELISA as result
of a reduction in the antibodymonomer fraction (Figure 2A). For
comparability and effectiveness, conservative lyophilization cycles
for freeze-drying in MTPs or glass vials were adopted along the
whole study, with adjustments dependent on the lyophilization
machine and were based on performing the sublimation step well
below the excipients’ predicted glass transition temperatures
(Bjelosěvić et al., 2020).

Cake collapse was adopted as first exclusion criterion.
Collapse does not ultimately result in loss of protein activity,
but is related to adverse elevated residual moisture and
prolonged reconstitution times. In addition, a survey among
participants with varying expertise in the field of lyophilization,
carried out by Patel and colleagues (Patel et al., 2017), found
major collapse to be a common cause for product rejection.

Only 24/55 formulations resulted in the formation of
structurally defined and well reconstitutable lyophilizates
TABLE 3 | Phage-display derived anti-hIgG antibodies used for format comparison.

Antibody clone V-VH D-VH J-VH V-VL J-VL Yield [mg/L] EC50 [nM]

scFv-mFc mIgG scFv-mFc mIgG

SH1842-A12 IGHV1-18*01 IGHD3-3*01 IGHJ4*02 IGLV2-11*01 IGLJ3*01 140.0 15.2 0.46 0.35
SH1842-D3 IGHV3-9*01 IGHD2-2*02 IGHJ4*02 IGLV7-43*01 IGLJ3*02 152.8 58.8 0.25 0.23
SH1842-D7 IGHV3-30*18 IGHD3-16*01 IGHJ4*02 IGLV1-40*01 IGLJ3*01 108.0 24.8 0.12 0.11
SH1842-G4 IGHV3-30*18 IGHD3-16*01 IGHJ4*02 IGLV3-21*03 IGLJ3*01 143.2 15.6 1.90 n.s.b.
SH1844-E3 IGHV3-7*01 IGHD4-23*01 IGHJ3*02 IGKV1-NL1*01 IGKJ1*01 148.0 22.8 0.73 0.16
SH1844-E11 IGHV3-23*04 IGHD1-26*01 IGHJ4*02 IGKV3D-11*01 IGLKJ3*01 123.2 40.8 0.20 4.39
SH1844-G6 IGHV3-33*01 IGHD2-21*01 IGHJ4*02 IGKV3-20*01 IGKJ5*01 84.0 72.0 0.82 n.s.b.
SH1846-F9 IGHV1-46*03 IGHD6-13*01 IGHJ4*02 IGKV1D-39*01 IGKJ4*01 129.6 35.6 2.31 n.b.
November 2021 | Volu
me 11 | Article 7
Antibodies from various gene families were produced as mIgG2a-Fc fusion or full mIgG2a in Expi293F suspension cells. Yield values are extrapolated from 50 mL scale. “n.s.b.” indicates
non-sigmoidal weak binding. No binding is abbreviated as “n.b.”.
The asterisk is typically used for indicating the allele of an antibody gene.
A B

FIGURE 4 | Comparison of scFv-Fc or IgG format in ELISA binding assay. Eight mAbs were produced respectively as (A) scFv-mFc (mIgG2a-Fc) or (B) full mIgG2a.
500 pg/mL to 10 µg/mL were incubated against 100 ng immobilized hFc antigen, representing molar concentrations spanning from (A) 5.95 – 6.08 pM to 92.92 –

95.04 nM and (B) 4.49 – 4.36 pM to 68.13 – 70.13 nM due to slight differences in molecular masses.
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(Figure 1 and Table 1). While sodium phosphate, especially in the
presence of sugar excipients, resulted in robust formation of cakes,
formulations based on 1 x PBS, Tris-HCl or 0.1 M potassium
phosphate buffers led indifferently to collapse of the cake structure.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
Similarly to our findings, Sarciaux and colleagues described the
deep differences in cake formation depending on the use of
different phosphate buffers (Sarciaux et al., 1999), occurring
even if primary drying is carried out at lower temperatures.
A B

FIGURE 5 | Storage stability of scFv-Fc or IgG antibodies. Upon storage at RT or 45°C, respectively for 7-30 or 2 days, in liquid (solid lines) or freeze-dried (dashed
lines) state, five antibody clones were studied for their residual binding activity in ELISA and MM distribution in SE-HPLC in (A) scFv-mFc2a format or (B) full mIgG2a
format. For SE-HPLC are shown representative chromatograms for each condition. ELISA curve error bars result from the analysis of 3 independently lyophilized or
liquid stored samples.
A B

FIGURE 6 | Six months storage impact on mAb activity and molecular species composition. (A) Bar chart representing binding measured in titration ELISA on 100
ng immobilized antigen. EC50 values as quantification of the relative antibody affinity were reciprocally normalized to the reference material (fresh sample). (B) In the
bar chart is shown the monomer percentage per each antibody stored in different conditions as indirect measure of aggregation or degradation occurred over time
and normalized to the monomer percentage of the fresh sample. Error bars result from the analysis of 2 to 3 independently lyophilized or liquid stored samples.
November 2021 | Volume 11 | Article 717689
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Adequate lyophilizates were then analyzed by SEC and
antigen ELISA. In this study, aggregation behavior of TUN219-
2C1-hFc during freeze-drying was overall slightly superior using
sodium phosphate over 0.01 M potassium phosphate, 1 x PBS
and Tris-HCl and was therefore selected as final buffer system. In
contrast, (Sarciaux et al., 1999) found potassium phosphate to be
more suitable than sodium phosphate in aggregation behavior of
bovine IgG during freeze-drying. They further describe
decreased stability, in case phosphate buffers were used in
combination with tonicity agents like KCl and NaCl. This
suggests avoidance of PBS as lyophilization buffer for
antibodies. However, we could detect only minor decreased
monomer contents for a 1 x PBS formulation.

PH changes upon selective crystallization of phosphate buffer
components during freezing have been discussed for more than
half a century (van den Berg and Rose, 1959). However, in the
last decades this topic has drawn increased attention as sodium
phosphate buffers are broadly used in formulations for freeze-
drying therapeutic proteins (Schwegman et al., 2005; Mensink
et al., 2017), although freezing-induced drops of 3 to 3.5 pH units
have been reported (Sarciaux et al., 1999; Pikal-Cleland and
Carpenter, 2001; Kolhe et al., 2010). The impact of pH shifts on
protein stability remains arguable. Freeze-thaw and
lyophilization studies using model enzymes (Jiang and Nail,
1998; Pikal-Cleland et al., 2000; Thorat et al., 2020) or BSA
(Thorat et al., 2020) showed decreased retention of stable and
active proteins upon freezing in sodium phosphate buffers, which
provides compelling reasons for avoidance of sodium phosphate
in protein formulations for freeze-drying.

However, one has to particularly consider the protein of
interest’s nature as well as the composition of a formulation
and process parameters. 0.01 M sodium phosphate was found to
influence the pH during freezing less drastically than the
equivalent 0.1 M buffer (Bhatnagar et al., 2007). In addition, it
is known that polymers and sugars like sucrose (Anchordoquy
and Carpenter, 1996) or trehalose (Thorat and Suryanarayanan,
2019) can prevent mentioned pH shifts by inhibiting selective
crystallization of phosphate buffer components. Rapid freezing
techniques are furthermore favored in order to reduce exposure
time of proteins towards shifted pH values (Pikal-Cleland et al.,
2000). Although potassium phosphate and Tris-HCl buffers do
not result in drops of pH values upon freezing, solutions become
more alkaline (Bhatnagar et al., 2007; Kolhe et al., 2010), which
might be a bigger threat for integrity of TUN219-2C1 than low
pH, due to the risk of formation of nonreducible cross-linking at
basic pH (Wang et al., 2007).

Surprisingly, we found that 0.1 M sodium phosphate pH 7.8
without any cryoprotectant still adequately retained binding and
MM distribution of TUN219-2C1 after freeze-drying, although
the composition of this particular formulation is prone to cause
acidification during freezing. This indicates that possible pH shifts
play a minor role in threatening stability of this scFv-Fc antibody
or aggregation was reversible upon reconstitution. Likewise,
(Sarciaux et al., 1999) found that aggregation of bovine IgG as
result of lyophilization was not mediated by sodium phosphate
induced acidification. It is known, that aggregation of monoclonal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
antibodies can occur at acidic conditions (Singla et al., 2016).
However, first signs of denaturation of hIgG1-Fc CH2 were
observed only at pH 3.5 and below by (Latypov et al., 2012)
using NMR. Thereof, it is likely that at least for TUN219-2C1-hFc,
destabilization only happens well below the lower limit of a
predicted pH shift. Still, this assumption cannot be universally
applied to other scFv-Fc molecules, i. e. hIgG2-Fc was found to be
less stable than hIgG1-Fc (Latypov et al., 2012). Moreover, the
variable regions of an scFv-Fc do contribute to antibody stability
as well (Manning et al., 2010). Hence, addition of polymers or
sugars should be considered in particular for antibodies with
unknown pH stability.

The benefit of sugar-containing formulations was evident
after lyophilizates were stored at RT for 30 days. In contrast to
sugar-containing formulations, the absence of a stabilizer
diminished the amount of monomers of TUN219-2C1-hFc
by almost a third (from 72.5 to 50 %) during storage
(Supplementary Table 2). Here, a large portion of the scFv-Fc
antibody was aggregated (Figure 2B). ELISA data did not reveal
any loss in binding activity for aggregated material (Figure 2B),
highlighting the need of complementing binding assays with the
study of the physical state of the molecule. Indeed, aggregation
may still affect the long term stability of the molecule and,
most importantly, it may constitute a source of unwanted
immunogenicity (Xu et al., 2019). For proteins, removal of
water is a double-edged sword. While hydrolytic reactions are
decelerated, the native conformation has to be stabilized by
hydrogen bonds. Here, the hydroxyl groups of lyoprotectants
like trehalose and sucrose can serve as water replacement (Harris
et al., 2004; Emami et al., 2018). In addition, amorphous
excipients embed the protein of interest in a highly viscous
glassy matrix, kinetically hindering any unfolding or other
degradation processes (Bhatnagar et al., 2007). In line with
major findings in the fields, our results emphasize the need for
a stabilizing excipient in the solid state to prevent aggregation
during storage.

Within the two sugars excipients tested, trehalose was
preferred over sucrose, as collapse of sucrose containing
lyophilizates was observed after 30 days at RT. In contrast,
using trehalose as excipient resulted in unchanged cake
appearance over time. Because water acts as plasticizer, Tg of
formulations decreases in accordance to their moisture content
(Skrabanja et al., 1994; Patel et al., 2017). Sucrose has not only a
much lower Tg (Bjelos ̌ević et al., 2020), but is also more
hygroscopic than trehalose (Ryu et al., 2007). Thereof, both
high amounts of residual moisture after lyophilization as well
as diffusion of moisture through rubber stoppers into the vial
(Vromans and van Laarhoven, 1992) can be considered as origin
of the observed collapse in sucrose based formulations.

Finally, we found 0.01 M sodium phosphate with the addition
of 2% trehalose and an antibody concentration of 0.5 mg/mL to
be the most protective formulation for freeze-drying TUN219-
2C1-hFc. Lyophilization using this formulation was successful in
both MTP stripes as well as different glass vials.

Since our screening approach impeded mutual cycle
development, process optimization was not performed within the
November 2021 | Volume 11 | Article 717689
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scope of this study. However, freeze-drying is an expensive and
time-consuming process that aims for optimal process parameters.
Primary drying is usually the longest step of freeze-drying. Here, an
only 1 °C increase of product temperature can reduce the duration
for this stage by 13 % (Depaz et al., 2016). For this reason, drying is
recommended to be performed at temperatures as high as possible
without risking protein stability. This is usually slightly below Tc

(Tang and Pikal, 2004). Thus, in further studies, temperatures for
glass transition or collapse of the selected formulation should be
measured. In addition, duration of primary drying can be further
shortened by sublimation end point determination (Daoussi et al.,
2009). Finally, another critical parameter for shelf-life in the dried
state is residual moisture (Jiang and Nail, 1998). In order to assess
stability of the lyophilizate during storage, in particular at elevated
temperatures, determination of residual moisture content after
secondary drying would be of interest.

The protocol’s broad applicability to other scFv-Fc molecules
was successfully validated with VIF137-E7-hFc and SH1352-G9-
hFc, two recombinant human antibodies against Clostridioides
difficile toxin B and zebrafish cadherin 2, respectively. Liquid
storage exhibited limited shelf-life for both antibodies, outlined
by degradation (Figure 3) and consequently impaired binding in
ELISA (Figure 3). These findings further state the urge for
stabilization of scFv-Fc antibodies. Here, our novel
lyophilization protocol perfectly preserved the antibodies’
original properties for at least one month and at elevated
temperatures (45°C) for two days (Figure 3).

Inorder toassess format-dependentbindingactivity,we selected
a panel of eight antibody clones (Table 3) produced as scFv-Fc
(mouse IgG2a-Fc) aswell as fullmouse IgG2a.For amore consistent
analysis of the binding properties, we selected antibodies specific to
the same target, human IgG, but diverse in their VH and VL gene
families. Six of these clones were then compared in their long-term
stability in the freeze-dried or soluble state for up to one month
(Figure 5) or half a year (Figure 6), to verify the lyophilization
protocol’s applicability to different antibody molecules.

In average, the scFv-Fc or IgG antibodies expressed in
mammalian cells under the control of the same promoter, yielded
125.1mg per liter of culture and 35.7mg, respectively. Even the best
produced IgG did not yield asmuch as the worst scFv-Fc producer.
In transient expression systems the bottleneck in production is
independent from mRNA levels and relies on the complexity of
translational and post-translational modifications of a certain
molecule (Mason et al., 2012). In our case, the heavy and light
chain pairing plus the higher number of disulfide bonds present in
IgG molecules probably were responsible for the lower yields.
Despite targeted mutagenesis (Mason et al., 2012) or
modifications in the folding machinery in the secretory pathway
are possible to improve IgG yields.However, they are clone-specific
and laborious (Kaneyoshi et al., 2019), so they cannot substitute
the advantages of scFv-Fc if rapid small scale production of bivalent
Fc-carrying antibodies is needed in high throughput settings.

During recombinant naïve antibody gene library
construction, VH and VL genes from donor B-cells are often
shuffled, increasing original antibody diversity, but also causing
the loss of original chains pairing (Lerner, 2016). Hence,
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antibodies obtained from shuffled scFv libraries may not
recapitulate the donor’s naturally paired VH/VL repertoire.
However, correct pairing of VH and VL can be crucial for
antigen recognition (Goldstein et al., 2019). Moreover,
randomly paired scFvs were found more likely to have inferior
developability properties upon conversion into full-length IgGs
(Adler et al., 2018). In the scFv molecule, VH and VL are
connected by a flexible linker, but oriented according to a
combination-specific angle (Abhinandan and Martin, 2010).
Consequently, while antibody selection results in the
identification of functional scFv molecules, it is not known if in
a certain chain combination, the VH and VL are reciprocally
oriented as in the respective full IgG antibody they originated
from. This implies that by converting an scFv into IgG, we may
change the packing angle between VH and VL, potentially
improving or harnessing the binding. By comparing the
binding activity in ELISA of each scFv-Fc to the corresponding
IgG (Supplementary Table 3 and Figure 4), we observed that
4/8 antibodies showed reduced if not completely abolished
binding (SH1846-F9). It is possible to speculate that for those
four antibodies VH/VL orientation differs from the one in IgG
format as previously described (Menzel et al., 2008; Steinwand
et al., 2014; Bertoglio et al., 2021). Only in 1/8 cases (SH1844-E3)
we detected an increase in the apparent binding affinity (4.6 folds
decrease in EC50). As before, this could be related to a possible
change in the VH/VL orientation, this time beneficial.
Nevertheless, our data support at least one other conclusion. In
the absence of storage at RT for several days or weeks, SH1844-
E3-Fc is mostly presented as a mixture of two defined molecular
species: the monomer and a smaller proteolytic product
(Figure 5), which could be less functional (i. e. loss of one
scFv moiety), or not detectable by secondary antibodies (i. e. loss
of Fc-part). On the contrary, the corresponding IgG is composed
by a single monomeric species, which in equimolar
concentration would result in increased binding even in the
absence of an affinity improvement. Further studies aimed at
measuring the affinity of monomeric SH1844-E3 scFv or Fab
should be aimed at investigating this possibility.

When comparing antibody protein MM distribution of
SH1842-A12, SH1842-D7, SH1842-G4, SH1844-E3 and SH1846-
F9 before and after lyophilization, we show that neither the buffer
exchange nor the freeze-drying process and storage over a period of
30days atRTor2days at 45°Cneitherharmed the IgGnor the scFv-
Fc molecules (Figure 5). As previously shown for human IgG1-Fc
fused scFvs, lyophilization preserved the original physical state and
binding activity over the complete storage duration also for the 3/5
scFv-Fc (mIgG2a-Fc) molecules that showed almost complete
degradation when stored in solution (Figure 5). To observe also a
reduction in the binding activity of IgG, we had to wait 6 months,
where SH1842-D3 stored in solution at RT showed a 9.4 times
reduction in the monomer fraction and impaired antigen
recognition in ELISA (Figure 6). The equivalent lyophilized
molecule, again, showed unaltered properties compared to the
corresponding material stored at - 80°C. The higher overall
stability of IgGs over scFv-Fcs is in line with the intrinsic nature
of the latter, which lacks the stabilizing CH1-CL interface and
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interchain connecting disulfide bond (Röthlisberger et al., 2005).
Interestingly, all four lambda,butnot the twokappaAbs in the scFv-
Fc format degraded over storage duration at RT when stored in
solution. Also, 3/4 lambda antibodies preserved their binding
activity during format conversion from scFv-Fc into IgG, while 3/
4 kappaAbs lostmostly or completely their binding. These findings
should be further investigated testing a larger set of antibodies from
different naïve antibody libraries.

Overall, while IgG conversion improved the antibodies’
stability and increased their shelf-life (Figure 5), it also
resulted in a drastic reduction of the binding activity for 4/8
studied antibodies. If we combine this knowledge with the fact
that in modern medicine the use of scFv-based, instead of Fab-
based, therapeutic molecules are increasing (Brinkmann and
Kontermann, 2017; Guedan et al., 2019) it becomes evident the
need for a lyophilization protocol to expand scFv-Fc shelf-life.
Additionally, lyophilized scFv-Fc products with high stability at
RT and up to 45°C would simplify storage and allow shipments
in the absence of refrigeration chain, therefore, facilitating the
use of this material in countries where equipped laboratories are
not densely distributed on the territory. Shipping in the absence
of dry-ice is also a cost benefit and more sustainable.
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Supplementary Figure 1 | Different glass vials size lyophilization comparison
test. (A) Cake appearance immediately post lyophilization or after 30 days RT
storage of 315 µL 0.5 mg/mL TUN219-2C1-hFc Ab solution in a cylindrical glass vial
having a base-diameter of 15 mm and (C) 189 µL of the same material in a glass vial
with 11 mm base-diameter. (B) Titration ELISA and SEC or SE-HPLC
chromatogram of Ab lyophilized in 15 mm vials or (D) 11 mm vials, respectively.
Each lyophilized Ab is compared, after reconstitution, to fresh material.

Supplementary Table 1 | Summary of EC50 values and percentages of
monomers after lyophilization of TUN219-2C1-hFc in MTPs using different
formulations. Values for lyophilizates are the mean of 3 individually lyophilized
samples. Values of formulations that were either excluded by previous selection
criteria or have not been in the scope of this study were not determined (“n.d.”).

Supplementary Table 2 | Summary of EC50 values and percentages of
monomers after lyophilization of TUN219-2C1-hFc in 2 mL (15 mm) glass vials using
different formulations and subsequent storage for 30 days. Values for lyophilizates
are the mean of 3 individually lyophilized samples. Values of formulations that were
either excluded by previous selection criteria or have not been in the scope of this
study were not determined (“n.d.”).

Supplementary Table 3 | Summary of EC50 values and percentages of
monomers after storage of VIF137-E7-hFc and SH1352-G9-hFc. “n.s.b.” refers to
non-sigmoidal binding curves.
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