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1 | INTRODUCTION

Kelvin H. Lee

Abstract

Monoclonal antibodies (mAbs) are often engineered at the sequence level for improved
clinical performance yet are rarely evaluated prior to candidate selection for their
“developability” characteristics, namely expression, which can necessitate additional
resource investments to improve the manufacturing processes for problematic mAbs.
A strong relationship between primary sequence and expression has emerged, with
slight differences in amino acid sequence resulting in titers differing by up to an order
of magnitude. Previous work on these “difficult-to-express” (DTE) mAbs has shown
that these phenotypes are driven by post-translational bottlenecks in antibody folding,
assembly, and secretion processes. However, it has been difficult to translate these
findings across cell lines and products. This work presents a systematic approach to
study the impact of sequence variation on mAb expression at a larger scale and under
more industrially relevant conditions. The analysis found 91 mutations that decreased
transient expression of an IgGk in Chinese hamster ovary (CHO) cells and revealed
that mutations at inaccessible residues, especially those leading to decreases in residue
hydrophobicity, are not favorable for high expression. This workflow can be used to
better understand sequence determinants of mAb expression to improve candidate

selection procedures and reduce process development timelines.
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formulation processes.* Recently, the acceleration of drug develop-

ment timelines due to market competitiveness has led to increased

The study of sequence-structure-function relationships in monoclo-
nal antibodies (mAbs) has led to significant improvements in clinical
performance which have contributed to the therapeutic success of
these products in recent decades.'™® Through advancements in
genetic and cellular engineering, many methods now exist to aid
in the search for antibodies with optimal antigen affinity and immune
system activation, but improvements to these therapeutically relevant
characteristics may come at the expense of other properties that can

affect mAb behavior in biopharmaceutical manufacturing and

focus on understanding the structural basis of mAb “developability”
characteristics such as thermal stability, aggregation, degradation, and
expression. These characteristics can define the ease with which a
mAb candidate can be produced, purified, and formulated through
today's biomanufacturing platform processes. Often, “poorly-
behaved” mAbs are not identified until the early stages of process
development, which necessitates significant time and resource invest-
ments to troubleshoot and subsequently modify manufacturing pro-

cesses to overcome production challenges. Currently, no consensus
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rules or thresholds have been established to define what characteris-
tics make a mAb amenable to development and manufacture, making
early identification of challenging mAbs difficult.’ Preliminary
attempts to predict mAb developability have been inspired by previ-
ous work with small molecule drugs that identified a set of general
guidelines (Lipinski's “rule of five”) that help predict the therapeutic
success of new candidates based on molecular structure.® Similar
efforts in the mAb space have led to various in silico tools that
attempt to predict biophysical characteristics or overall developability
using the primary amino acid sequence or a structural model.” These
studies have relied on large datasets of sometimes more than
100 mAbs where each antibody is subjected to a battery of in silico
measures, such as calculated hydrophobicity, viscosity, and charge
metrics, as well as in vitro assays for measuring aggregation, chemical
modifications, colloidal stability, and thermal stabiliw.s’s’11 However,
no single assay, tool, or parameter has been universally accepted for
developability prediction. Additionally, mAb productivity remains a
key, but largely unstudied, developability metric, and for the few
developability studies that have included measures of expression, they
have found either no correlation or weak correlation of titer with
other metrics.>11:12

Cellular engineering efforts to increase mAb expression have
taken two complementary approaches to address both transcriptional
and post-transcriptional bottlenecks in protein production. The maxi-
mal transcriptional output of mAb genes has been achieved by
improved gene cassette designs, clone selection procedures, and for
targeted integration cell lines, the identification of genomic “hot
spots” that confer consistently high levels of transcription.'*>"” Other
studies have addressed post-transcriptional bottlenecks by targeting
various components of protein processing pathways through overex-
pression of folding chaperones, ER stress and apoptosis regulators,
transcription factors, or non-coding RNAs.'8-2> However, no single
engineering approach has yielded universal improvements, with pro-
ductivity gains depending on the cell line, product, and experimental
approach.?® Furthermore, even subtle differences in mAb primary
sequence can result in large changes in expression in optimized sys-
tems, with single amino acid differences between mAb candidates
resulting in titers differing by up to an order of magnitude in both
transient and stable expression systems.?”~3° A growing body of work
studying these “difficult-to-express” (DTE) mAbs has revealed that
most DTE phenotypes are driven by post-translational bottlenecks in
signal peptide processing, protein folding, or protein assembly, and
can cause the upregulation of pathways such as the unfolded protein
response (UPR) and ER-associated degradation (ERAD).2027:31-36
However, many of these studies focus on a small number of mAbs
(<12) with varying levels of primary sequence similarity and use a vari-
ety of cell culture systems and antibody formats, making it difficult to
translate their findings across cell lines and products. In general, the
bottlenecks for DTE mAbs are thought to be cell line- and product-
specific, requiring tailored engineering solutions for the system's
unique challenges.2%%”
Large-scale efforts to investigate sequence-structure-function

relationships in mAbs have relied on high-throughput phage display

systems which can achieve high levels of sequence diversity with
libraries reaching >10° variants, making these display systems invalu-
able tools for antibody discovery and the identification of key residue
interactions involved in antigen binding, aggregation, and thermal
stability.>®~4?> However, the bacterial expression systems used for
phage display are limited to the expression of individual antibody
domains or single-chain variable fragments and lack the protein fold-
ing pathways and checkpoints present in mammalian cells. Therefore,
the expression information arising from these studies only accounts
for whether the variant is expressed at sufficient levels to be detected
in the selected library. These measures of “functional” expression may
not be reflective of expression trends for full-length mAbs, as mAbs
derived from phage display have been found to exhibit more
developability “red flags” than mAbs derived from mammalian sys-
tems.® Display systems using mammalian cells can account for
mammalian-specific protein production pathways but these systems
are constrained by low cell densities (10°-107 cells) that limit the
achievable sequence diversity.*>%*

To increase the throughput of mAb mutational studies in industri-
ally relevant mammalian cell systems, this work presents a systematic
approach for selecting and evaluating the impacts of single amino acid
mutations on mAb expression, with particular focus on amino
acid changes that are detrimental to expression. mAb structural infor-
mation and biophysical characteristics were used to select 178 single
amino acid mutations in the humanized 1gG1k mAb trastuzumab with
the intention and expectation that the selected mutations would
decrease  mAb expression. Each variant was then transiently
expressed in a Chinese hamster ovary (CHO) cell line. Dozens of novel
mutations that decrease mAb expression were identified and it was
found that combining expression information with the physical and
chemical changes resulting from changes in sidechain chemistry
revealed distinct combinations of primary sequence mutations and

molecular contexts that affect mAb expression.

2 | MATERIALS AND METHODS

21 | Determination of biophysical characteristics

Kabat numbering is used throughout the text, with sequence number-
ing used where indicated. Computational alanine scanning calculations
were performed with FoldX, using the trastuzumab crystal structure
(PDB: 1n82) as an input file.*>*¢ The PDB file was repaired using the
“RepairPDB” function prior to use. Alanine scanning on protein com-
plexes was performed with the “Pssm” function. Antigen-contacting
residues were identified by considering the interaction between the
light chain (LC)/heavy chain (HC) complex and HER2, and antibody
interface residues were identified through the interaction of the LC
and HC. Alanine scanning for the individual LC and HC structures
were determined using the “AlaScan” function. Free energy values for
mutations to amino acids other than alanine were calculated with the
“PositionScan” function. For all functions, the default parameters

were used. Free energy changes calculated in Rosetta used the
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“ddg_monomer” function and the “protocol 13” sampling methodol-
ogy presented by Kellogg and colleagues.*” The free energy of the
wild-type structure was minimized prior to use. Differences in amino
acid molecular weight, hydropathy, and percent solvent-accessible
surface area (SASA) upon mutation were calculated by subtracting the
wild-type value from the mutated value.*®*° Both the molecular sur-
face area and the SASA were determined using the “get_area” func-
tion in Pymol, using mutated structures generated by Rosetta. The
conservation of each mutation was extracted from the abYsis data-
base using amino acid distributions from Homo sapiens (retrieved May
4,2020).>°

22 | Cell culture

A CHO-K1 host cell line (a gift from NIH NIAID) was cultured at 37°C,
5% CO, and 80% humidity (Infors MultiTron, orbital
diameter = 25.4 mm) in ActiPro medium (Cytiva) supplemented with
6 mM L-glutamine (Fisher). Cells were maintained in 50 mL mini bio-
reactor tubes (NEST Chemglass) at 200 rpm with a 10 mL working
volume or 125 mL shake flasks at 135 rpm with a 20-30 mL

working volume.

2.3 | Molecular cloning

A plasmid expressing the wild-type trastuzumab sequence (referred to
as pACS-cTRMb throughout this work) was designed and built
in-house using LC and HC DNA sequences obtained by reverse tran-
scribing the trastuzumab amino acid sequence deposited in the Inter-
national Immunogenetics Information System (IMGT) database (Entry
code 7637).°! Both genes were codon optimized for expression in
CHO cells using the Codon Optimization Tool from Integrated DNA
Technologies (IDT). Both LC and HC genes were expressed from sepa-
rate cytomegalovirus promoters, with human serum albumin signal
peptides and Chinese hamster growth hormone poly-adenylation sig-
nals (Figure S1A). Variant plasmids containing the mutations of inter-
est were generated using Gibson assembly.>2 Briefly, restriction
enzyme cut sites in the LC and HC coding sequences of pACS-cTRMB
were used to excise portions of the variable domain sequences. EcoRI
and Kpnl were used to excise the LC variable domain, and Hindlll and
Pstl were used to excise the HC variable domain (Figure S1B,C). All
restriction enzymes were purchased from New England Biolabs. Gene
fragments (eBlocks™, Integrated DNA Technologies) containing the
desired mutation were inserted into the digested plasmid using NEB-
uilder® HiFi DNA Assembly Master Mix (New England Biolabs).
Assembly was performed according to the manufacturer's protocol,
using a basis of 70 ng of digested backbone plasmid and a 1:2 molar
ratio of backbone to insert. A common codon was used for all muta-
tions to the same amino acid (Table S1). Plasmids were transformed in
TOP10 Escherichia coli (Thermo Fisher Scientific) and prepared using
the QlAprep 96 Plus Miniprep Kit (Qiagen) according to the manufac-
turers' instructions. Variant sequences were confirmed individually by

PROGRESS

Sanger sequencing at the University of Delaware DNA Sequencing
and Genotyping Center. The concentration of each sequence-
confirmed variant plasmid was determined with the Quant-iT™
dsDNA broad range kit (Thermo Fisher Scientific). Plasmids were
diluted 10x or 50x with water and the concentrations were deter-
mined from technical triplicates using a standard curve generated with
the pACS-cTRMB plasmid. The complete sequence of the pACS-
cTRMb plasmid and all gene fragments used for assembly can be

found in Supplemental DNA Sequences folder.

24 | Batch screening of variants

Variants were split into four groups, two LC groups and two HC
groups, and each group was transfected and grown separately. CHO-
K1 host cells were passaged to 1 x 10° cells/mL with a complete
media exchange on the day prior to transfection. Transfections were
performed with a SG Cell Line 96-well Nucleofector™ Kit (Lonza) in a
4D-Nucleofector® unit equipped with the 96-well Shuttle™ Add-On
(Lonza). For each transfection, 2 x 10° cells were transfected with
500 fmol of plasmid DNA (250 fmol DNA/million cells). Prior to trans-
fection, plasmid DNA was aliquoted and dried in a SpeedVac®
(Savant) for 20-40 min at 45°C then resuspended in supplemented
SG Solution overnight at 4°C. For each group, all variants were trans-
fected in duplicate, and the wild-type plasmid was transfected in tripli-
cate. Due to concerns of promoter interference and resource
competition, the wild-type plasmid transfections were also used as
external transfection controls to monitor the reproducibility of our
transfection methods.>>>* Transfections were performed according to
the manufacturer's protocol, using transfection code FF-137. After
transfection, cells recovered in fresh media for 20 min, then each
transfection was split between two 96-deep well plates (96-DWP),
using a working volume of 500 uL (square wells, U-bottom, Biotix), for
a total of four biological replicates per variant and six biological repli-
cates for the wild-type mAb. Well plates were covered with Breathe-
Easy® membranes (Sigma-Aldrich) and grown at 350 rpm for 6 days.
Starting on Day 1, every 24 h, culture samples were taken and
assayed for growth by measuring adenosine triphosphate (ATP) using
the CellTiter-Glo® 2.0 Cell Viability Assay (Promega). Cell culture sam-
ples were diluted 100x in PBS and measured in a 384-well plate
(Corning) with four technical replicates according to the manufac-
turer's protocol. A 100 nM ATP standard (Sigma-Aldrich) was included
as a positive control. A pseudo-integral of viable cell density (IVCD,
RLU-day) for each culture was calculated from the luminescence
values measured every day using a trapezoidal approximation. On Day
6, all remaining culture volume was centrifuged to remove cells and
supernatant samples were retained for titer analysis. Titer (mg/L) was
measured with an Easy-Titer™ Human IgG kit (Thermo Fisher Scien-
tific) according to the manufacturer's protocol. Samples were diluted
50x in kit Dilution Buffer and measured in triplicate, with concentra-
tions determined from a standard curve generated using the 100 pg/
mL IgG standard from an Octet Protein A Calibrator Set (Sartorius).
Productivities (mg/RLU/L/day) for each culture were calculated by
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dividing the final Day 6 titer by the pseudo-IVCD. All cultures were

then normalized by setting the average of the wild-type cultures

expressed on the same well plate to 1.

2.5 | Statistical Analyses

R (v 4.0.4) and the tidyverse family of packages (v 1.3.0) were used for
all statistical analyses and to generate plots. Unless otherwise noted,
error bars represent one standard deviation from the mean of
n biological replicate cultures, with n indicated in figure captions. The
statistical tests used are provided in the figure captions or main text.

3 | RESULTS

3.1 | Systematic selection and manual curation of
antibody variants in a model IgGi1k mAb generates a
panel of mutations covering a wide range of
biophysical changes

The humanized IgG;k antibody trastuzumab was selected as a model
mAb because of its therapeutic relevance, recognition as an
“easy-to-express” mAb, and the availability of a high-quality crystal
structure.®14¢>5 We aimed to compile a panel of single amino acid
mutations containing ~10? trastuzumab variants that could be evalu-
ated for expression in an industrially relevant CHO-K1 host, with par-
ticular focus on mutations that would minimally affect antigen
binding, immune system interactions, and core antibody structure, but
decrease mAb expression. The final panel, consisting of 178 single
amino acid mutations, was chosen systematically and manually
curated using published antibody structure information and computa-
tional protein analysis tools.

Filters were applied to select a subset of residues for mutation
(File S2). Only the variable domains of the LC and HC were considered
because these regions are more heavily engineered for improved
affinity and are outside of the regions that interact with the immune
system.>® Residues identified as part of trastuzumab's functional para-
tope based on alanine scanning calculations of the antibody-antigen
complex and previously published paratope information were also
eliminated from consideration to avoid direct disruption of the
antibody-antigen interface.’” A similar filtering method using a com-
bination of alanine scanning and mAb structural information was
applied to identify residues involved in the LC-HC interface.>®°? Next,
any residue considered “invariant” or observed to contain “closely
related” residues in more than 91% of sequences across species by
Chothia and colleagues was also eliminated to avoid disruption of the
common structural core of the antibody.>” Applying these two criteria
eliminated 37 residues from the LC and 38 residues from the HC. The
free energy contribution of each residue on the individual antibody
chains was then determined through computational alanine scanning
to determine the changes in the free energy of unfolding upon muta-

tion (AAG), where large free energy changes indicate that a given

residue may contribute to protein stability. Calculations were per-
formed using the FoldX package due to its computational efficiency
for large datasets, and residues with large free energy changes
(AAG > 1 kcal/mol) upon mutation to alanine were considered posi-
tions of interest, as described previously.® Twenty residues in the LC
with AAG > 1 kcal/mol were selected, but for the HC, additional fil-
tering was needed to reduce the number of positions evaluated due
to the large number (45 residues) with alanine mutations resulting in
AAG > 1 kcal/mol. The free energy change for all possible mutations
at the 45 remaining HC positions was determined with FoldX, and any
residue with an average AAG < 2 kcal/mol across all 20 mutations
(16 residues) was eliminated. Residues in CDR-H3 were subsequently
eliminated (6 residues) due to the role that CDR-H3 plays in antigen
binding and its highly variable nature.>¢%? These additional filtering
criteria resulted in the selection of 23 positions in the HC as positions
of interest. The chosen residues in both chains represent a broad
cross-section of positions throughout both the complementarity
determining regions (CDRs) and framework regions (FWRs), including
solvent-exposed and buried positions in and around the upper and
lower hydrophobic cores and within inter-strand loops, all of which
may contribute to mAb stability (Figure 1).#3#25962 Applying these
criteria independently to both chains also resulted in the selection of
four structurally equivalent residue pairs between the LC and HC,
based on Kabat definitions (LC11 =HC10, LC19 =HC18,
LC33 = HC34, LC62 = HC67).?

Mutations at each position were selected based on the wild-type
amino acid, with at least four mutations manually curated at each
position to assess changes in sidechain chemistry, amino acid size, and
hydropathy. Amino acids that are observed in the variable domains at
a frequency of less than 2.5% (LC: W, H, E, M, N; HC: H, M, F) and
any unique amino acids (C, G, P) were not used for mutation. The
remaining amino acids were divided into four groups based on chem-
istry: aromatic (F, W, Y), charged (D, E, K, R), hydrophobic (A, I, L, V),
and polar (N, Q, S, T). At least one amino acid from each chemistry
group was chosen, with preference given to mutations predicted to
be destabilizing (AAG > 1 Rosetta energy units) from Rosetta free
energy calculations and mutations not deemed as “safe.”®® The final
panel of trastuzumab variants included 178 single amino acid muta-
tions, with 86 mutations in the LC and 92 mutations in the HC
(Table 1). The wild-type trastuzumab sequence was used as a bench-
mark for a well-expressed mAb.

The distributions of differences in hydropathy, amino acid size,
and percent SASA between the wild-type position and each mutation
show that the chosen mutations cover a wide spectrum of biophysical
changes, spanning much of the theoretical range of each characteristic
(Figure S2). A panel of random mutations was also chosen for the
same subset of positions to determine whether this rational selection
method was effectively enriching for DTE variants. Random mutations
were chosen to reflect the natural distribution of each amino acid
(excluding unique amino acids) within the variable domains by weigh-
ing each potential amino acid change based on the amino acid's fre-
quency of observation. Twenty-two mutations were chosen for the
LC and 24 mutations were chosen for the HC (Table S2).
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FIGURE 1 Collier-de-Perles (adapted from International
Immunogenetics Information System [IMGT]) diagrams for
trastuzumab indicating the chosen residues (highlighted in green) for
mutation in (a) the trastuzumab light chain and (b) the trastuzumab
heavy chain. Complementarity determining regions (CDRs) based on
Kabat definitions are marked in gold boxes. Residues are numbered
according to Kabat numbering. Gray circles indicate placeholder
residues in the IMGT system that are not present in trastuzumab.

3.2 | Transient expression of trastuzumab variants
identifies dozens of mutations that impact expression

All trastuzumab variants were transiently expressed in a CHO-K1 host
cell line and titers were measured at the end of a 6-day batch process.
Productivities for each biological replicate were determined using titer
and pseudo-IVCD values, then normalized to the average expression
of the wild-type samples expressed on the same 96-DWP (File S3).
The average normalized productivity (NQP) of four biological

PROGRESS

replicates of each variant was compared to the overall distribution of
all wild-type cultures (24 total wild-type replicates). In general, the
expression distributions of all LC and HC variants were statistically
different from the wild-type distribution (Figure 2a, Table S3).

Ninety-one variants (51.1%) had a lower NQP compared to wild-
type trastuzumab (false discovery rate (FDR) < 0.05), with low-
expressing mutations divided evenly between the two chains (48 in
the HC, 43 in the LC). On average, the LC variants had lower produc-
tivities compared to the HC variants, with low-expressing LC variants
ranging from 0.11x to 0.79x of wild-type and low-expressing HC
variants ranging from 0.26x to 0.79x of wild-type. The highest-
expressing LC variant (V58A) showed a NQP of 1.27, and the highest-
expressing HC variant (GBW) showed a NQP of 2.69 but this variant
had the lowest average IVCD of all variants by more than four-fold.

A total of 54.3% of variants in the randomly chosen panel were
low-expressing (25 out of 46 mutations), with the distribution of LC
variant expression showing a statistical difference to the wild-type
distribution, as was observed with the rationally-chosen panel
(Figure 2b). However, a smaller proportion of low-expressing variants
was identified from the randomly chosen HC variants (9 out of 24 HC
mutations, 37.5%) compared to the rationally-chosen panel (52.1%),
with the random HC variants showing an overall higher distribution of
expression values, demonstrating that the rational method used to
select mutations in the HC was better at enriching for low-expressing
constructs (Figure 2b, Table S3). This result also suggests that the fil-
tering methods used to select positions of interest succeeded in find-
ing positions with the potential to affect expression, regardless of the
mutations studied. No significant difference in expression distribution
was observed between the wild-type constructs expressed between
the two panels, demonstrating a well-controlled transfection and cell
culture process across assay occasions (Table S3).

Many positions showed clear preferences for amino acids with
certain chemical and physical properties (Figures 3 and 4). LC-P8, an
exposed residue, preferred small, polar amino acids (S and D), which
aligns with the general observation that polar residues tend to reside
on the surfaces of proteins. Preferences at LC-148 and LC-V58 agreed
with hydropathy conservation data with both positions showing
expression similar to wild-type upon mutation to hydrophobic and ali-
phatic (Y and A) sidechains.®* While conservation data shows no clear
size preference at LC-F83, both mutations with small sidechains
(S and A) resulted in low expression. In the HC, a short stretch of con-
secutive residues (HC-G8, HC-G9, HC-G10, HC-L11, HC-V12) did not
tolerate mutation well (11/20 mutations were low-expressing) with
HC-G9, HC-L11, and HC-V12 all showing preference for their wild-
type amino acids. At HC-134, hydrophobic residues (A and Y) were
preferred over polar residues (K and S), again reflecting hydropathy
conservation data. At HC-G42, larger amino acids (W and D) led to
decreased expression, but mutations to threonine and valine, which
are almost identical in shape and volume, showed no significant differ-
ence in expression. At HC-169, all mutations were detrimental except
for the mutation to alanine.

Comparing the results across structurally equivalent pairs showed

similar sequence preferences across chains. At LC-L11/HC-G10,
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TABLE 1 Rationally-chosen trastuzumab variant panel.
Mutations

Wild-type residue [Kabat Aromatic (F, Charged (D, E, H,

Positions] W,Y) K, R)

Light chain
F[62,71,83] Y K
G [57, 68] F K
1[2, 48] Y D
L[11, 54] F D
P [8, 40, 59, 80, 95] F D
T[72] Y D
V[19, 29, 33, 58] Y K
Y [49] F D

Heavy chain
F [27, 67] W K
G [8,9, 10, 16, 26,42, 55, 65] W D
1[29, 34, 51, 69] Y K
L[11, 18] Y D
N [76] Y K
P [14, 52A] Y D
R [38] W D
V[12, 63] "\ D
Y [59] W D

Hydrophobic (A, I, L, Polar (N, Q, Additional

M, V) S, T) mutations

A S F62T, F71T, F83T
\% T G68D

A S

A Q L11T

| S

A Q

A Q V19D, V19S, V33S
A S

A S

\% T

A S

A S

| T

| S

L S

| N

A S

Note: Positions of interest were grouped by wild-type amino acid and mutated to the same four or five amino acids, covering a range of sidechain amino
acid chemistries, sizes, and hydropathies. Additional mutations were added to the light chain panel to match mutations chosen for the heavy chain at

structurally equivalent locations. Positions are given based on Kabat numbering.

mutations to aromatic and charged residues had no impact on expres-
sion, and mutations to threonine resulted in decreased expression. At
LC-V19/HC-L18, aromatic mutations were tolerated, and mutations
to aspartic acid decreased expression at both locations. Hydrophobic
mutations were tolerated at LC-V33/HC-I34, but charged and polar
mutations were not. Almost all mutations made at positions LC-F62/
HC-F67 resulted in low expression. Three of the mutations chosen
(LC-12S, LC-V19A, and LC-F71A) are observed frequently in anti-
bodies, with observation rates of the mutated amino acid greater than
30%.°° As expected, all three of these mutations did not show a sig-

nificant difference in expression compared to wild-type.

3.3 | Twelve positions are less tolerant to
mutations

Twelve of the positions studied (LC-V33, LC-F62, LC-G68, LC-F71,
LC-P80, HC-G9, HC-L11, HC-V12, HC-R38, HC-V63, HC-F67, HC-
169) had three or more mutations identified as low-expressing, sug-
gesting that these positions are less tolerant to mutations. Included in
this subset is the LC-F62/HC-F67 structural pair, in which 8 of the

9 studied mutations decreased productivity. LC-F62 is a conserved

residue, with phenylalanine observed at this location in >80% of
human antibody sequences, and hydrophobic or neutral residues
observed in >99% of sequences across species.’”¢* A similar intoler-
ance for mutations other than alanine at the equivalent HC position
suggests a common structural role of this position in antibody variable
domains although HC-F67 shows less stringent conservation prefer-
ences, with valine commonly observed.>®¢° Position LC-V33 was also
identified as less tolerant to mutation, possibly due to its importance

in determining the conformation of LC-CDR1.%¢

The residue in posi-
tion HC-9 is a key residue for defining the backbone conformation of
the N-terminal segment of VH domains, with the preferred residues
at this position defined by the amino acid identities at positions HC-6
and HC-7.%” The other identified positions have not been previously

implicated as important for expression.

3.4 | Enrichment of low-expressing variants was
observed in certain molecular contexts

Despite the large number of low-expressing variants identified in this
study, attempts to predict expression based on biophysical character-

istics did not yield practically useful models. Pearson correlation
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coefficients showed weak associations between the measured param-
eters, and principal component analysis could only account for
approximately 56% of the variation observed in the data (data not
shown). Previous studies on mutational landscapes have shown that
sensitivity to amino acid change is dependent on the extent of side-
chain burial so variants were grouped based on the surface accessibil-
ity of the wild-type residue to investigate position-dependent
mutation preferences.*>%® Positions were divided into three catego-
ries, exposed (>50 A?), partial (20-50 A?), and inaccessible (<20 A2),
based on areas calculated in Pymol, using the area ranges defined by
Chothia.”” This grouping revealed certain molecular contexts that
appear to influence a position's tolerance to mutation (Table 2).
Low-expressing variants were enriched at inaccessible residues
(hypergeometric, p < 0.1), and further grouping of the data based on
the chemistry of the mutated sidechain showed that mutating inac-
cessible residues to polar or charged sidechains often led to low
expression. This trend was observed in the LC, with both polar and
charged mutations showing enrichment, but only mutations to polar
sidechains were identified as enriched for the HC (hypergeometric,
p < 0.1). These findings align with previous observations that protein
cores strongly prefer hydrophobic residues but can tolerate alterna-
tive hydrophobic amino acids at those positions.®” In general, large
decreases in hydrophobicity upon mutation resulted in reduced
expression, regardless of solvent accessibility.

4 | DISCUSSION

The rational selection and expression of 178 single amino acid muta-
tions in trastuzumab led to the identification of dozens of novel
mutations that can impact mAb expression, with approximately 50%
of all studied mutations resulting in lower expression compared to the
wild-type mAb. By considering mutations that encompass a wide
range of different biophysical changes at each selected location, a

comprehensive picture of mutation tolerance was constructed for

many amino acid positions, including some that have not been previ-
ously linked to expression. As a result of this systematic selection pro-
cess, chemical and physical amino acid preferences could be identified
at each location studied which would not have been possible with
random mutagenesis, with the strongest preferences observed for
hydropathy and size. As hydrophobic effects are believed to be the
primary driving forces of protein folding, mutations that significantly
disrupt key interactions may affect the folding process.”® Indeed, pre-
vious work with a simple o/p protein showed that aggregation rates
of protein variants correlated with hydrophobicity changes in the
regions containing mutations, driving continued work to understand
and predict the sequence-level factors influencing protein aggrega-
tion.”%”? The observation of size preferences in the absence of chemi-
cal class conservation, such as in the case of HC-G42, suggests that
protein folding accommodations made to account for steric hindrance
can also affect expression.

The selection criteria used to build the variant panel consciously
prioritized potentially detrimental mutations at residues hypothesized
to contribute to mAb stability, all with the intent to identify mutations
that decrease mAb expression. As expected, our work did not identify
any mutations that meaningfully improve the expression of trastuzu-
mab, which is already considered an ‘“easy-to-express” mAb and is
likely already well-engineering for high expression in CHO cells.3* The
variants that did show nominal increases in productivity (such as HC-
G8W and HC-G16W) also had dramatically reduced IVCD values, sug-
gesting that these mutations are significantly detrimental to cell
growth and therefore do not represent a practical mechanism for
improving expression.

Some of the positions and mutations studied here have been pre-
viously identified as detrimental to expression in other mAb formats
and cell lines. Mutations at LC-F62 in a lambda LC decreased produc-
tion of IgM in COS-1 cells, where disruption of the LC structure pre-
vented the LC from being transported from the ER to the Golgi.3?
Different combinations of amino acids at HC-6, HC-7, and HC-9 were

found to impact the expression of single-chain variable fragment
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FIGURE 3 Average normalized productivities for all mutations in the rationally-chosen panel in the light chain (LC) colored by the sidechain
chemistry of the mutated amino acid. Error bars represent one standard deviation from four biological replicates. Asterisks indicate mutations
identified as lower-expressing than wild-type trastuzumab (FDR < 0.05). Position numbers above the subplots are given based on sequence order
with the corresponding Kabat number in parentheses. Bar labels use the format [chain]_[wild type amino acid][sequence number][mutated

amino acid].

constructs in E. coli, with yields differing by more than ten-fold.®” Mul-
tiple mutations made at HC-151 in an IgG, expressed in hybridoma
cells decreased secretion by impairing LC-HC pairing, but also caused
persistent association of the HC with ER folding chaperones.>* While
our data showed that the HC-G42V mutation had no detrimental
impact on expression, mutating valine back to the more frequently-
observed glycine in combination with other mutations improved titer
and drug product stability, suggesting that HC-42 may work in con-
cert with other residues to influence developability properties.”®
Other studies identified detrimental mutations in positions not stud-
ied here but in positions known to interact with residues in our panel.
Changing an alanine to a glycine at HC-49 in an IgG,4 resulted in a
non-secreted HC variant, with the equivalent position in trastuzumab
(HC-A49) interacting with HC-34, HC-51, HC-59, and HC-69, all stud-
ied here.28°1 The expression profiles for HC-34 and HC-69 showed
preferences for aromatic and hydrophobic amino acids, and the clear

preference for aliphatic residues at HC-69 suggests that this

chemistry class may be necessary at this location for high expression.
The conservation of many amino acid networks in antibodies has been
shown, and in some cases, the disruption of either residue involved in
a key interaction can lead to destabilizing changes to protein
structure.”*”*

Early work to determine amino acid preferences relied on
sequence and structural alignments from large datasets reflecting the

59:6676  However,

diversity of naturally occurring antibodies.
the sequences contained in these datasets are inherently limited by
evolution, where certain mutations may be less common due to the
number of base pair changes required or limited functional benefits
preventing them from becoming prevalent.”” This work moves
beyond studies focused on natural diversity and better aligns with the
diversity that would be observed in synthetic antibody discovery plat-
forms, which are not limited by evolution and can evaluate many

t.38

amino acids at each position of interest.”* These platforms use anti-

gen affinity as a primary screening technique, which can result in the
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FIGURE 4 Average normalized productivities for all mutations in the rationally-chosen panel in the heavy chain (HC) colored by the sidechain
chemistry of the mutated amino acid. Error bars represent one standard deviation from four biological replicates. Asterisks indicate mutations
identified as lower-expressing than wild-type trastuzumab (FDR < 0.05). Position numbers above the subplots are given based on sequence order
with the corresponding Kabat number in parentheses. Bar labels use the format [chain]_[wild type amino acid][sequence number][mutated

amino acid].

identification of functionally favorable mAb candidates that may pos-
sess additional amino acid motifs that negatively impact developability
characteristics.?*

Algorithms and workflows for calculating and predicting various
developability factors have become increasingly popular within the
biopharmaceutical industry, as early identification of unfavorable mAb
candidates can better guide candidate selection procedures to address
process development challenges such as low titers, precipitation dur-
ing purification steps, and drug product aggregation.**3%72 In silico
and in vitro methods are of particular interest, as these methods are
amenable to high throughput analysis of mAb candidates.” In silico
methods to predict developability characteristics, such as aggregation
propensity and chemical modifications, have set predictive thresholds
for these quantities that may indicate poor developability.>810727879
In addition, the emergence of comprehensive mAb databases such as
abYsis and IMGT have enabled extensive structural and statistical ana-

lyses of clinically-relevant mAbs.°%°! While biopharmaceutical

companies may have proprietary tools for screening mAb candidate
expression in the context of their platforms, no algorithm to predict
mADb expression in CHO as a function of sequence has currently been
published for public use. Incorporating early expression predictions
into candidate selection would help prevent resource-intensive pro-
cess development activities in the future. Additional work to assess
the findings of this study in a representative stable expression system
would further strengthen these conclusions by confirming that the
low-expressing phenotypes observed here are preserved with stable
systems, which are the manufacturing platform of choice for the bio-
pharmaceutical industry.

5 | CONCLUSION

This work presents the largest dataset of expression-impacting mAb

mutations as measured by secreted 1gG; titers in CHO published to
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TABLE 2 Hypergeometric tests to identify molecular contexts detrimental to mAb expression.

Category Number of Variants p-Value Significant Not significant
All 178 n/a 91 87
LC 86 0.556 43 43
HC 92 0.330 48 44
Inaccessible* 80 0.011 48 32
LC* 36 0.063 22 14
HC* 44 0.082 26 18
Aromatic 19 0.722 8 11
LC 8 0.385 4
HC 11 0.757 4 7
Charged* 20 0.059 13 7
LC* 9 0.020 7 2
HC 11 0.294 6 5
Hydrophobic 19 0.542 9 10
LC 8 0.154 5 3
HC 11 0.294 6 5
Polar* 22 0.0003 18 4
LC* 11 0.034 8 3
HC* 11 0.0005 10 1
Partial 54 0.641 26 28
LC 22 0.455 11 11
HC 32 0.632 15 17
Aromatic 13 0.892 4 9
LC 5 0.521 2 3
HC 8 0.875 2 6
Charged 14 0.425 7 7
LC 6 0.363 3 3
HC 8 0.385 4 4
Hydrophobic 13 0.143 8 5
LC 5 0.521 2 3
HC* 8 0.037 6 2
Polar 14 0.425 7 7
LC 6 0.116 4 2
HC 8 0.665 3 4
Exposed 44 0.959 17 27
LC 28 0.942 10 18
HC 16 0.639 7 9
Aromatic 11 0.757 4 7
LC 7 0.796 2 5
HC 4 0.328 2 2
Charged 11 0.976 2 9
LC 7 0.948 1 6
HC 4 0.706 1 g
Hydrophobic 11 0.757 4 7
LC 7 0.525 3 4
HC 4 0.706 1 g
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TABLE 2 (Continued)
Category Number of Variants p-Value Significant Not significant
Polar 11 0.121 7 4
LC 7 0.241 4 3
HC* 4 0.066 3 1

Note: Variants were divided by accessibility (inaccessible, partial, and exposed), mutation chemistry (aromatic, charged, hydrophobic, polar), and chain (light
chain, LC; heavy chain, HC). Total number of variants, the number of variants in each grouping identified as significantly lower expressing than wild-type
(Significant) and variants not significantly lower than wild-type (Not significant) are shown. P-values represent the probability of observing more than the
identified number of significant variants according to the hypergeometric distribution. Groups with p-values <0.1 (p-values shown in bold and category

marked with an asterisk) were considered enriched for low-expressing variants.

date. Previous studies of DTE mAbs in mammalian hosts have
included less than a dozen mAb variants, whereas this study
increases throughput by an order of magnitude while assessing natu-
ral 1gG expression through mammalian protein processing pathways
in CHO cells, the major cell type used for mAb production in the bio-
pharmaceutical industry.® Using a small-scale transient expression
system allowed for rapid evaluation of 178 mAb variants in parallel
and careful curation of the variant panel ensured that mutations
were evaluated at positions throughout the antibody variable
domains with measurable contributions to protein structure but min-
imal predicted impact on affinity and immune system activation.
Mutating each position to a variety of amino acids with different
sidechain chemistries and biophysical characteristics provided a
more complete mutational landscape at many residues than had
been previously documented and identified 12 positions with clear
amino acid requirements for maintaining high mAb expression.
Although combining the expression data with calculated biophysical
characteristics failed to generate a useful predictive model, the data
showed that inaccessible residues in the protein do not tolerate
mutation well, and mutations at inaccessible residues to amino acids
with charged or polar sidechains generally reduced mAb expression.
Exploring this observation further with other clinically relevant mAbs
will be an important next step towards sequence-level rational
design of well-expressed mAbs.

The use of a transient expression system in this work presents
an experimental framework that allows for flexibility in host cell
choice and creates a workflow amenable to further throughput
improvements with automation. Application across many
clinically-relevant antibodies from different industry platforms and
the incorporation of combinatorial studies to identify crucial depen-
dencies in amino acid networks could eventually generate enough
data to create an in silico model capable of predicting expression
from primary sequence or identifying sequence motifs that are unde-
sirable for high productivity. Application of predictive tools can
improve candidate selection procedures, provide early warnings of
molecules with low developability, or construct mAb sequence
frameworks optimized for high expression, all of which could con-
tribute to accelerated process development timelines and reduced
resource requirements for bringing novel antibody therapies into the

clinic.
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