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ABSTRACT ARTICLE HISTORY
Recent advances in trispecific antibody (trisAb) engineering offer great therapeutic Received 27 October 2025
potential, but achieving high product yield and quality in cell line development remains Revised 11 February 2026
a challenge due to complex chain pairing requirements in production cell lines. In this ~ Accepted 12 February 2026
study, three distinct expression vector configurations were evaluated for their ability to KEYWORDS

support robust, high-level expression of a structurally complex, synapse-gated trisAb Trispecific antibody; TriMab;
T-cell engager (TriMab) in stable Chinese hamster ovary cells. Initial configurations using T-Cell engager; vector
conventional dual heavy chain (HC) and triple light chain (LC) vectors resulted in poor strategy; product quality;
pool performance characterized by delayed transfection recovery and low titers. By Cell line development;
contrast, a redesigned strategy that reversed HC gene order and distributed LCs over ~ Chinese hamster ovary cells
separate vectors markedly improved transfection recovery along with product titers and

reduced the formation of undesired product variants. Clonal cell lines established with

this optimized strategy achieved titers exceeding 2 g/L with correct product quality

profiles. Gene copy number and mRNA analyses confirmed that chain order and vector

design strongly influenced mRNA levels and thus productivity. These results highlight

the critical impact of vector configuration on manufacturability of complex TriMabs,

providing a practical framework for the rational design of gene vectors to support next-

generation trisAb production.

Introduction

In recent years, novel format multi-specific antibodies that were once considered too challenging to
manufacture are beginning to emerge as a leading class of biotherapeutics, with several products approved
for marketing.'~® These complex modalities differ from conventional monoclonal antibodies (mAbs) in that
they can engage several distinct epitopes at once, enabling significantly improved therapeutic potential
through expanded functional capabilities.”® Indeed, the enhanced targeting capacity of multi-specific
antibodies permits access to unique mechanisms of action such as improved selectivity to double positive
cancer cells,” half-life extension ' and targeted T-cell engagement.'' Despite these advancements, much of
this progress in manufacturability has been made in the field of bispecific antibodies with considerable work
still to be done on the manufacture of more complex trisAbs.”

TrisAbs are structurally diverse with some representing relatively simple, single chain modalities
such as the ‘beads-on-string’ format whereby several single-chain variable fragments are connected
via engineered flexible linkers, whereas others represent more complex structures that bear simi-
larity to conventional immunoglobulin G antibodies in that they contain an Fc domain and various
antigen-binding fragment (Fab) regions.”” These molecules are often composed of multiple,
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asymmetric, heterogeneous heavy chains (HCs) and light chains (LCs) that require precise pairing
to confer correct functionality. Additional structure-function features can also be engineered into
trisAbs to enhance their therapeutic potential; in the context of T-cell engagers, these include
synapse AND-gating and cross-arm avidity to enable robust target cell selectivity and reduced oft-
target effects.'>'> Whilst these complex structural features are required for functionality and make
trisAbs attractive from a therapeutic standpoint, they also pose considerable manufacturability
challenges related to stable cell line expression.'* Indeed, the requirement of the production host
cell line to express and subsequently correctly pair a set of disparate antibody chains often leads to
aberrant product quality (PQ) and the formation of varied, undesirable mis-paired species.””"*"'® To
facilitate correct chain pairing, antibody engineering strategies can be used, including knobs-into-
holes technology (KiH) to enable heterodimeric HC pairing '’ as well as engineered, non-canonical
disulfide bonds '® and electrostatic steering mutations to permit correct LC pairing.'” It is not
uncommon for several of these engineering strategies to be used on a single molecule and, although
they confer notable improvements to PQ, they do not completely abrogate the formation of mis-
paired species.'”?! To further complicate protein expression, the presence of mis-paired species
within the production cell line can lead to cellular stress responses and poor cell culture
performance.'*

To improve the manufacturability of novel, difficult-to-express (DTE) modalities such as multi-specific
antibodies, several cell line development strategies have previously been employed, including the selection
of an effective host cell line,”>* heterologous expression of chaperone proteins,”* optimization of culture
processes,”>*® implementation of high throughput screening capabilities,”” and, importantly, identification
of synthetic DNA elements and/or relevant vector configurations.”®* The current challenges inherent to
the successful manufacture of trisAbs appear to require several molecular and process-based strategies to
achieve industrially relevant titers.*®

Here, we explore the use of varying expression vector configurations for the expression of a complex
synapse gated and affinity-tuned TriMab T-cell engager '* in a stable cell line development workflow. We
utilize a combination of stable cell line generation, analytical screening, gene copy number (GCN) and
mRNA analysis to identify a vector configuration that can yield clonal cells lines with g/L expression and
favorable PQ of this structurally complex TriMab.

Results
TriMab antibody structure

A schematic of the TriMab T-cell engager used in this investigation is displayed in Figure 1. A detailed
description of its structure-function properties is provided by Zhao et al."> In brief, the TriMab comprises
two asymmetric heavy chains (HC1 hole and HC2 knob) engineered with KiH technology to facilitate
correct HC pairing. The hole HC carries an “RF” (H435R/Y436F) mutation that reduces binding of hole-
hole dimers to protein A% Correct binding of the three LCs (LC1, LC2 and LC3) to the hole and the knob
HCs is facilitated via a combination of electrostatic steering mutations (denoted by -/+ in Figure 1) and site-
specific disulfide bonds.

Vector approach 1 yields poorly expressing TriMab stable pools

The TriMab used in this investigation (Figure 1) was predicted to be DTE in stable cell line settings based on
data derived from a similar antibody format with heavily engineered structure-function features (data not
shown). We therefore aimed to understand how the expression vector configuration can affect TriMab
productivity and PQ in stable Chinese hamster ovary (CHO) pools. Initially, we adopted a vector strategy
extrapolated from simpler antibody formats: a dual-HC vector (with a glutamine synthase (GS) selection
marker) in which the more complex knob HC was positioned upstream of the hole HC, alongside a triple-
LC vector (with a puromycin (Puro) selection marker) ordered LC2, LC1, and LC3, as illustrated in
Figure 2A. This vector configuration was denoted Vector Approach 1 (VA1). VA1 vectors were stably co-
transfected into CHO host cells and recovery monitored over time (Figure 2(B), Supplemental Figure 1(A)).
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Figure 1. Structure of the TriMab antibody used in this Study. A: heavy chain 1 (HC1) is the hole HC (light gray), heavy chain
2 (HQ2) is the knob HC (dark gray), knob into hole technology depicted, with ‘RF’ mutation (reduces binding to protein A)
denoted on the hole HC. Light chain 1 (LC1) (green) binds to HC1, light chain 2 (blue) and 3 (yellow) (LC2, LC3) bind to HC2.
Charge pairing is illustrated by + symbols. Disulfide bonds denoted by blue horizontal lines connecting LCs to HCs and HC1
to HC2.

Here, transfection recovery of the TriMab pools was markedly protracted (day 22 recovery) compared to the
mADb control vector transfections (day 14 recovery). Interestingly, only VA1 pool 1 and 2 recovered from
transfection with VA1 pool 3 displaying viable cell densities (VCDs) equivalent to a H,O transfected control
pool. VA1 pools 1 and 2 were next analyzed for the mRNA expression of all five TriMab chains and
corresponding selection markers (Figure 2(C)). Here, both pools display elevated knob HC mRNA
compared to hole HC mRNA expression. Additionally, LC1 mRNA was less abundant than LC2 and
LC3, which express equivalently within each pool. Notably, pool 1 has higher overall mRNA expression of
antibody chains compared to pool 2 despite both pools 1 and 2 having similar mRNA levels of each selection
marker.

Pools 1 and 2 were subsequently run in fed-batch and assessed for VCD (Figure 2(D)), viability (Figure 2(E)),
lactate (Figure 2(F)) and titer (Figure 2(G)). Here, pool 1 displayed slightly lower growth (pool 1 peak VCD =
13.2x10e6 cells/mL, pool 2 = 18.3x10e6 cells/mL), but higher end-of-run viability compared to pool 2 (pool 1 =
72%, pool 2 = 56%). Lactate levels were comparable between pools and end-of-run (day 11) titer (measured by
protein A-mediated detection) was higher for pool 1 compared to pool 2 (pool 1 =45 mg/L, pool 2 =23 mg/L,
respectively) despite both pools displaying low overall titers compared to a mAb control (average 2047 mg/L)
(Supplemental Figure 2). Finally, PQ of purified TriMab (purified by protein A-mediated capture) was assessed
using a high throughput screening method for high molecular weight species (HMWS), half knob and knob:knob
dimer products (Figure 2(H), Supplemental Figure 3). Here, TriMab produced by pool 1 displayed higher levels of
HMWS compared to pool 2 (pool 1 = 8.3%, pool 2 = 4.6%). Of note, half knob (pool 1 = 1.2%, pool 2 = 1%) and
knob:knob dimer species (pool 1 = 3.4%, pool 2 = 4.4%) were observed and shown to be comparable between both
pools.

Vector approach 2: sequential expression of LC and HC vectors yields poorly expressing TriMab
stable pools

Correct folding and processing of antibodies is thought to require excess LC to pair with HC.>" Given that the
TriMab used in this study contains three LC binding domains with additional engineered features to facilitate
correct pairing, we hypothesized that the vector transfections for VA1 may lead to a temporal imbalance in LC/
HC bioavailability arising from the co-expression of both HC and LC vectors simultaneously. This imbalance may
be linked to the poor transfection recovery and subsequent pool performance observed for VA1. To explore this,
the triple LC vector was stably transfected into CHO host cells to generate LC-only expressing pools
(Supplemental Figure 1(B)) before subsequent transfection with the dual HC vector; this strategy was denoted
Vector Approach 2 (VA2) (Figure 3(A)). Here, all three TriMab pools recovered from transfection with an
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Figure 2. Generation and characterisation of stable cell pools expressing a TriMab via vector approach 1 where HC and LC
vectors were co-expressed. A: Schematic detailing the vector configuration of antibody chains and selection markers used in
vector approach 1 (VA1), glutamine synthase (GS), puromycin (puro), heavy chain (HC), light chain (LC). B: Transfection
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extended recovery time (day 19 recovery) compared to mAb control vector transfections (day 14 recovery)
(Figure 3B, Supplemental Figure 1(A)).

VA2 pools were next analyzed for the mRNA expression of all five TriMab chains and corresponding
selection markers (Figure 3(C)). Here, all three pools display elevated knob HC mRNA compared to
hole HC mRNA expression. Additionally, LC1 mRNA was less abundant than LC2 and LC3, which are
highly overexpressed in each pool. The puro selection marker displayed increased expression compared
to the GS selection marker in pools 1 and 3. VA2 pools were subsequently run in fed-batch and assessed
for VCD (Figure 3(D)), viability (Figure 3(E)), lactate (Figure 3(F)) and titer (Figure 3(G)). Here, pool 2
displayed slightly higher growth (pool 2 peak VCD =9.4x10e6 cells/mL, pool 1 and 3 peak VCD =
7.3x10e6 cells/mL and 7.1x10e6 cells/mL, respectively), but similar end-of-run viability (pool 2 =37.9%,
pool 1 and 3 =48% and 49%, respectively) and lactate profiles compared to pools 1 and 3. Interestingly,
end-of-run titer (day 11) was higher for pools 2 and 3 (pool 2 = 60 mg/L, pool 3 =56 mg/L) compared to
pool 1 (39 mg/L), but all pools displayed low overall titers compared to a mAb control (average 2047
mg/L) (Supplemental Figure S2). Finally, PQ of purified TriMab was assessed using high throughput
screening technology for HMWS, half knob and knob:knob dimer products (Figure 3H, Supplemental
Figure $3). Here, TriMab produced by pools 1 and 2 displayed higher levels of HMWS (4% and 4.6%,
respectively) compared to pool 3 (2.9%). Of note, half knob levels were less abundant in pools 1 and 2
(0.9% and 1.6%, respectively) compared to pool 3 (5.8%) and knob:knob dimer species varied across
pools with pool 1 displaying 1.6%, pool 2 displaying the highest level of 4.3% and pool 3 display-
ing 2.5%.

Vector approach 3: reversing the HC order and dividing the LCs across two vectors improves pool
performance and product quality

VA1 and VA2 both utilized the same dual HC vector and triple LC vector from which the hole HC and LC1
displayed decreased mRNA expression compared to other chains (Figures 2C, 3C). Vector approach 3
(VA3) aimed to resolve this by reversing the order of the hole and the knob HCs such that the hole HC was
positioned upstream of the knob HC whilst retaining the GS selection marker. In addition, the triple LC
vector was divided across two vectors: dual LC vector 1 in which LC3 was now positioned upstream of LC2
whilst retaining the puromycin selection marker and single LC vector 2 in which LC1 was expressed on its
own in the absence of a selection marker (Figure 4(A)).

The vectors for VA3 were stably co-transfected into CHO host cells and recovery monitored over time
(Figure 4B, Supplemental Figure 1A). Here, all three TriMab pools recovered from transfection with an
extended recovery time (day 18 recovery) compared to mAb control vector transfections (day 14 recovery).
VA3 pools were next analyzed for the mRNA expression of all five TriMab chains and corresponding
selection markers (Figure 4(C)). All three pools displayed elevated expression of hole HC mRNA compared
to knob HC mRNA. Additionally, LC1 and LC3 mRNA were more abundantly expressed than LC2 in each
pool. The GS selection marker showed lower mRNA expression than the puro marker in pool 1, but
equivalent expression in pools 2 and 3.

The VA3 pools were subsequently run in fed-batch and assessed for VCD (Figure 4(D)), viability
(Figure 4(E)), lactate (Figure 4(F)) and titer (Figure 4(G)). Pool 1 displayed higher growth (pool 1 peak
VCD = 12.8x10e6 cells/mL, pool 2 and pool 3 peak VCD =8.7x10e6 cells/mL and 7.4x10e6 cells/mL,
respectively) and end-of-run viability compared to pools 2 and 3 (pool 1 =69.2%, pool 2 and 3 =56.5%
and 59.5%, respectively) with all pools showing favorable lactate profiles. Interestingly, end-of-run titer (day
11) was higher for pools 1 and 3 (pool 1 =187 mg/L, pool3 =191 mg/L) compared to pool 2 (68 mg/L).
Notably, all the VA3 pools displayed higher titers than pools derived from VA1 and VA2, but, despite this

recovery profiles detailing viable cell density (VCD) of pools over time. C: mRNA levels expressed as transcripts per million
(TPM) for TriMab chains and selection markers. D: Stable pool VCD over an 11-day fed-batch process. E: Stable pool viability
over an 11-day fed-batch process. F: Stable pool lactate over an 11-day fed-batch process. G: Stable pool titer over an 11-day
fed-batch process. H: TriMab product quality in protein a purified product showing percentage (%) monomer, high
molecular weight species (HWMS), half antibody (ab) knob and knob:knob dimer.
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overall titer improvement, values were low compared to a mAb control (average 2047 mg/L) (Supplemental
Figure 2). Finally, PQ of purified TriMab was assessed using high throughput screening technology for
HMWS, half knob and knob:knob dimer products (Figure 4H, Supplemental Figure 3). Here, TriMab
produced by pools 1, 2, and 3 displayed HMWS levels of 2.3%, 2.9% and 2.7%, respectively. Strikingly, half
knob product was undetected in all 3 pools and knob:knob dimer species were only detected at 0.1% in pool
2, with pools 1 and 3 having an absence of knob:knob dimer.

Clonal cell line derivation from vector approaches 1-3 yielded a high proportion of non-TriMab
expressing clones

Clonal cell lines were derived from pools generated using VA1, VA2 and VA3. Of these 117 VAL clones, 63
VA2 clones and 87 VA3 clones (Supplemental Table 1) were assessed for TriMab production in a high
throughput fed-batch screen. Here, average end-of-run VCD for clones derived from each vector approach
were comparable (~9x10e6 cells/mL) (Figure 5(A)). However, assessment of end-of-run titer using protein
A revealed very few clones expressing detectable levels of the TriMab, 3 xVALI clones, 1 xXVA2 clone and 8
xVA3 clones (Supplemental Table 1). Of these, clones derived from VA1 and VA2 displayed titers below 60
mg/L, by contrast top titer clones derived from VA3 were 1119 mg/L and 804 mg/L (Figure 5(B)). To
determine whether the improved titers observed from clones derived from VA3 were due to high clonal cell
growth, end-of-run titer data for all clones with detectable titer were plotted against end-of-run VCD
(Figure 5(C)), here no correlation was observed between VCD and titer.

Given the high level of clonal cell line attrition, 14 clones were selected, representing all three vector
approaches, inclusive of expressing and non-expressing clones, for characterization for mRNA expression
(Figure 5(D)) and GCN analysis (Figure 5(E)). Here, analysis of the mRNA expression of all 5 TriMab
chains and corresponding selection markers in the 14 clones revealed that all expressing clones (CI1-10)
displayed either knob and hole HC mRNA (VA3 clones 5-10) or only knob HC mRNA (VA1 clones 1-3,
VA2 clone 4), compared to non-expressors (Cl11-14), which did not express either knob or hole HC
mRNA. Interestingly, all TriMab expressing clones express all 3 LCs along with non-expressing clones 12
and 14, by contrast non-expressing clone 11 shows LC2 and LC3 expression and clone 13 lacks all three LC
mRNAs. Both GS and puro selection marker mRNA are expressed in all clones. Analysis of the GCN of all 5
TriMab chains in the 14 clones revealed that all expressing clones (Cl1-10) contain either knob and hole HC
gene copies (VA3 clones 5-10) or only knob HC gene copies (VA1 clones 1-3, VA2 clone 4), compared to
non-expressors (Cl11-14), which did not contain either knob or hole HC genes. All expressing clones
contain all 3 LC genes along with non-expressing clones 12 and 14, by contrast non-expressing clone 11
contains LC2 and LC3 gene copies and clone 13 lacks all TriMab genes.

Clonal cell lines derived from vector approach 3 achieved greater than 2 g/L titres in AMBR fed-
batch

Clonal cell lines that were shown to express all five TriMab chains at the mRNA level (VA3 clones 5,6, 7, 8,9
and 10) were inoculated into AMBR15 microbioreactors and assessed for VCD (Figure 6(A)), viability
(Figure 6(B)), glucose (Figure 6(C)), lactate (Figure 6(D)), titer (Figure 6(E)), and cell specific productivity
(qP) (Figure 6F). Here, clone 8 had the highest growth (peak VCD = 24.4x10e6 cells/mL) and clone 10 the
lowest growth (peak VCD =12.3x10e6 cells/mL), with all other clones falling in-between (Figure 6A). All
clones displayed an end-of-run viability above 77% apart from clone 10, which fell to 23.8%, clone 8 had the
highest end-of-run viability of 91.8% (Figure 6(B)). Clonal cell lines were assessed for metabolism; here
glucose consumption was broadly similar across clones (Figure 6(C)) and all clonal lines demonstrated an

selection markers used in vector approach 2 (VA2), glutamine synthase (GS), puromycin (puro), heavy chain (HC), light
chain (LC). B: Transfection recovery profiles detailing viable cell density (VCD) of pools over time. C: mRNA levels expressed
as transcripts per million (TPM) for TriMab chains and selection markers. D: Stable pool VCD over an 11-day fed-batch
process. E: stable pool viability over an 11-day fed-batch process. F: Stable pool lactate over an 11-day fed-batch process. G:
Stable pool titer over an 11-day fed-batch process. H: TriMab product quality in protein a purified product showing
percentage (%) monomer, high molecular weight species (HWMS), half antibody (ab) knob and knob:knob dimer.
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ability to back-metabolize lactate. Despite this, clones 8, 9, and 10 had relatively high end-of-run lactate
spikes with clone 10 lactate beginning to spike on day 12 (Figure 6(D)). Titer analysis by protein A revealed
that clones 7 and 8 had the highest end-of-run titers of 2928 mg/L and 2365 mg/L, respectively. By contrast,
clones 5 and 10 had the lowest end-of-run titers of 780 mg/L and 369 mg/L, respectively, whilst clones 6 and
9 achieved end-of-run titers of 1256 mg/L and 1661 mg/L, respectively. Finally, qP was calculated with clone
7 having the highest qP of 23.5 pg/cell/day and clone 5 and 10 having the lowest qP of 5.4 pg/cell/day and 5.3
pg/cell/day, respectively, clones 6, 8 and 9 had qPs of 13.2 pg/cell/day, 13.6 pg/cell/day and 14 pg/cell/day,
respectively.

TriMab generated by vector approach 3 displays correct product quality

Finally, PQ, including HMWS, low molecular weight species (LMWS) and chain-mis-paired species were
assessed for TriMab purified by protein A-mediated capture from clones 5-9 run in the AMBRI15 fed-batch.
Here, TriMab produced by clones 6-9 contained lower than 5% HMWS (Figure 7(A)) and lower than 10%
LMWS (Figure 7(B)). Intact mass analysis was performed to monitor chain pairing and revealed that clones
6-9 contained above 95% desired chain-pairing species (Figure 7(C)). LC2 and LC3 have only a 25 Da mass
difference making it challenging to obtain confident confirmation of correct LC pairing from intact mass
analysis. As such, IgdE digested subunit analysis, a method validated to identify 25/26 potential mis-paired
species including all LC-duplication variants (e.g., LC1-LC2-LC2), was performed to monitor LC-pairing at
the subunit level. This analysis revealed no LC mis-paired species in clones 6-9, implying correct LC
pairing. However, in addition to Fc, Fabl and Fab2 (Supplemental Figure 3), some minor species were also
observed in UV profiles (21-22.5 min), which were identified to be either clipped or incompletely digested
species, rather than LC mis-paired species (Figure 7(D)). By contrast, clone 5 displayed aberrant PQ with
HWMS > 8% (Figure 7(A)) and above 90% LMWS (Figure 7(B)). Intact mass analysis revealed that clone 5
produced ~90% half-knob species and ~10% knob-knob dimers (Figure 7C, Supplemental Figure 3).

Discussion

Tri-specific antibodies represent an ambitious frontier in the development of protein-based biotherapeutics
that have the potential to transform disease outcomes.”” However, the complexity of the structural
modifications and features required for molecule functionality presents several critical challenges for
manufacturability that arise, in part, due to the necessity for coordinated expression and precise pairing
of multiple, non-identical antibody chains within the production host cell line.">'® Indeed, gaining fine-
tuned control of antibody chain expression through expression vector engineering and optimization has
been the focus of much research and has led to improvements in antibody yield and PQ.>*****7%° As such,
this study details the systematic evaluation of three distinct vector approaches in stable cell line development
to identify a configuration that enables expression of a complex TriMab T-cell engager with industrially
relevant, multi-g/L product titers and desirable PQ.

Initial expression efforts, either via co-expression (VA1) or sequential expression (VA2) using a triple LC
vector and a dual HC vector, produced stable pools characterized by delayed post-transfection recovery, low
productivity, and poor PQ, attributable to the formation of half-knob and knob:knob dimers (see Figures
2B, 2G, 2H, 3B, 3G, 3H). mRNA analysis showed that LC1 was under-expressed relative to LC2 and LC3.
This is unlikely to be due to the coding sequence, as the same coding sequence is used in VA3 where LC1
mRNA expression is high. Previous studies have shown that the position of the transgene within the
transfected DNA sequence can affect expression levels.”” It is possible that the position of the LC1 promoter
in the vector used in VA1 and VA2, sandwiched between LC2 and LC3 expression cassettes, is limited in its
potential to bind transcription factors, resulting in reduced mRNA levels. In VA3 the LC1 promoter is not

per million (TPM) for TriMab chains and selection markers. D: Stable pool VCD over an 11-day fed-batch process. E: stable
pool viability over an 11-day fed-batch process. F: Stable pool lactate over an 11-day fed-batch process. G: Stable pool titer
over an 11-day fed-batch process. H: TriMab product quality in protein a purified product showing percentage (%)
monomer, high molecular weight species (HWMS), half antibody (ab) knob and knob:knob dimer.
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Figure 5. Generation and characterisation of clonal cell lines derived from vector approaches 1, 2 and 3. Clonal cell line
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in close proximity to the promoters of LC2 and LC3 (present on a separate plasmid) and this limitation is
alleviated resulting in enhanced LC1 mRNA transcription. Additionally, the knob HC was over-expressed
relative to the hole HC (Figures 2C, 3C). Collectively, these data suggest that, despite the use of KiH
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Figure 7. Assessment of TriMab product quality for clonal cell lines derived from vector approach 3. Product quality data for
TriMab derived from clone 5-9 (CI5-9) produced from vector approach (VA) 3. A: High molecular weight species levels (%
HMWS) by SEC, B: Low molecular weight species levels (%LMWS) by GXII-CE-SDS, C: Chain-pairing analysis by intact LC-MS
analysis, D: Light chain (LC) pairing confirmation by subunit LC-MS analysis for clones 6-9. Fab1 = hole fd + LC1; Fab2 =
knob fd +LC2 + LC3; Fab1 + Fc = incomplete digested species with only Fab2 removed; degly enzyme = PNGase F.

mutations to drive correct HC pairing, imbalanced HC and LC gene expression can also influence over-
all PQ.

By contrast, VA3, which reordered genes such that the hole HC (HC1) was upstream of the knob HC
(HC2) and the LC cassette was split between a dual LC vector (LC3, LC2) and a single LC vector (LC1),
substantially improved pool performance, including transfection recovery, titer, and PQ. mRNA profiling
revealed increased hole HC (HC1) expression relative to knob HC (HC2), while placing LC1 on a separate
vector dramatically boosted LC1 mRNA levels. This configuration not only improved titer, but also resulted
in near-complete elimination of half knob and knob:knob dimer species (Figure 4(H)). These findings align
with prior reports that antibody chain gene order and transcriptional output affect productivity and PQ for
mAb and bispecific formats.***” In VA1 and VA2, HC1 and LC1, comprising half of the TriMab (Figure 1),
showed low mRNA transcript levels, yielding an overabundance of unpaired knob HC and poor PQ
(Figures 2H, 3H). Mis-paired species are known to elicit cellular stress responses.'* We propose that HC
gene order drives protein folding burden during post-transfection recovery: in VA1/V A2, elevated knob HC
transcript correlates with unpaired knob HC protein, which likely increases stress and selection stringency,
enriching for low/non-producers and capping HC transcript levels, whereas in VA3, placing the hole HC
first may facilitate folding/assembly, reduce stress, and permit higher HC transcription (consistent with
elevated HC1 hole mRNA). As such, to enhance pool robustness, an inducible system that suppresses DTE
chain expression during transfection recovery may be beneficial, as shown by Maltais et al. >
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To assess clonal cell performance, clones were derived across all three vector approaches and
screened for TriMab production. Here, a strikingly low proportion of clones showed expression of
the TriMab (Supplemental Table 1). Consistent with stable pool data, only clones derived from the
VA3 pools displayed volumetric titers above 100 mg/L with the top clones achieving 1119 mg/L and
804 mg/L. These data are in line with findings by Peltret et al. who observed high levels of low
producer DTE trisAb clones in a non-optimized process.”® It is noteworthy that the TriMab used in
this study contains an ‘RF’ mutation in the hole HC, which reduces binding of hole-hole dimer
species to protein A *® (Supplemental Figure 3). Since protein A was used for titer analysis as well
as for TriMab purification prior to PQ assessment, hole-hole dimers were potentially lost during
protein A capture and therefore not detected in the subsequent titer or intact mass analysis. As
such, non-expressors may in fact be expressing hole-hole dimers although this does not appear to
be the case for non-expressing clones assessed for GCN and mRNA levels.

To explore the potential mechanism underpinning expressing vs non-expressing clones, GCN
and mRNA expression profiles were evaluated for 14 representative clones. Analysis of mRNA
expression showed that all clones with detectable titer levels (Cl1-10) displayed either both knob
and hole HC mRNA (VA3 clones 5-10) or only knob HC mRNA (VA1 clones 1-3; VA2 clone 4),
whereas non-expressors failed to express both knob or hole HC mRNA (Figure 5(D)). Moreover,
mRNA data was corroborated by GCN findings, which revealed that the differences in TriMab
chain expression between clones occurred because of either preferential outgrowth of clones that
lacked hole expression, or the loss of the stably integrated antibody chain genes as opposed to
other mechanisms such as gene silencing (Figure 5(E)). Interestingly, VA3, which involved the use
of LC1 on a vector with no selection marker, appears to integrate in a phenotypically stable
manner, as all clones derived from VA3 apart from clone 11 have detectable gene copies and
expression of LC1. Despite this, future work exploring expression stability of all antibody chains in
aged cell banks will help confirm phenotypic stability.

Finally, an assessment of top clones in AMBR fed-batch revealed expression titers exceeding 2 g/
L for clones 7 and 8 (Figure 6(E)) along with desirable cell culture parameters including end-of-run
VCD; these data suggest that the low end-of-run VCDs observed for VA3-derived clones at the
clone screening stage (Figure 5C) likely reflects the impact of the scale-down screening model
rather than intrinsic growth limitations, as these were not observed in the AMBR fed-batch.
Assessment of PQ using intact mass and IgdE subunit analysis demonstrated that, post-
purification, clones generated intact and correctly paired TriMab product with minimal HMWS
and LMWS (Figure 7A-D, Supplemental Figure 4A-E). However, to definitively confirm correct
chain pairing non-reduced peptide mapping would need to be implemented in future studies. These
data demonstrate that VA3 not only yields industrially relevant titers, but can deliver correct PQ
for this complex TriMab modality.

Collectively, these data emphasize the strong influence that vector configuration has on TriMab
expression and the critical need to identify vector configurations that enable balanced and robust
expression of all antibody chains. Moreover, extensive clone screening and rigorous PQ evaluation
remain integral to the successful establishment of a stable manufacturing cell line for TriMabs.
Based on the study presented here, we recommend VA3 as the starting vector configuration for the
expression of TriMabs, which can be iterated into new configurations for parallel screening and
further optimization according to the needs of the TriMab being expressed. Future studies may also
benefit from integrating additional approaches such as promoter tuning,*® translational
regulation,” site-specific integration ** or transposon technology,*' optimized host cell lines,*>*
and improved bioprocess parameters and production conditions to further improve TriMab pro-
ductivity and homogeneity as illustrated by Peltret et al. *® Overall, our stepwise vector engineering
strategy enabled the establishment of stable CHO cell lines capable of producing a structurally
complex, synapse-gated and affinity-tuned TriMab with industrially relevant titers and correct PQ.
This study establishes a framework for the rational design of gene expression vectors for complex
trisAbs and contributes toward ongoing efforts in the industrialization of these next-generation
biotherapeutics.
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Materials and methods
Methods

Cell lines and culture conditions

AstraZeneca proprietary CHO host cells, a suspension-adapted CHO-K1 derivative, were maintained in CD
CHO medium (Life Technologies) supplemented with 6 mM L-glutamine (Life technologies) and sub-
cultured every 3 - 4 days at a seeding density of 0.2 - 0.3 x 10e6 cells/mL. Stably transfected CHO cell pools
and clones were routinely maintained in AstraZeneca proprietary chemically-defined (CD) medium.
Routine culture for all cell lines was performed at 36.5°C in vented, non-baffled Erlenmeyer flasks
(Corning, Amsterdam, The Netherlands), in 6% CO, maintained at 140 rpm. Cells were sub-cultured
every 3 - 4 days at a seeding density of 0.3 - 0.4 x 10e6 cells/mL. Viable cell density (VCD) and cell viability
were assessed using a Vi-Cell XR automated cell counter and viability analyzer (Beckman Coulter, High
Wycombe, UK).

Vector construction

Expression plasmids encoding the TriMab and a control monoclonal antibody (mAb control) were
constructed using restriction enzyme digestion and ligation methods. The control mAb vector com-
prised a single expression plasmid containing a HC and a LC sequence and a GS selection marker. For
the TriMab molecule, each chain was expressed as a single transcriptional unit, flanked by a promoter,
5" untranslated region and poly-adenylation sequence. Puromycin resistance (Puro) and GS genes were
encoded into vectors as selectable markers. Several iterations of the TriMab vector were constructed and
are detailed in Figure 2A and 4A. In each iteration tested, the order of the gene sequences was changed,
not the nucleotide sequence or surrounding promoter, 5 untranslated region or poly-adenylation
sequence. The TriMab structure is shown in Figure 1. Heterodimerisation of the two distinct HCs is
achieved by KiH mutations in the constant heavy chain 3 domains.*” HCI contains the “hole”
mutations (T366S, L368A, and Y407V), heterodimer disulfide (Y349C) mutation and RF mutations
(H435R/Y436F). HC2 contains the “knob” mutation (T366W) and a heterodimer disulfide mutation
(S354C). Cognate HC and LC pairing is achieved via an engineered interchain disulfide bond in one of
the constant heavy 1 (CH1)-constant light chain (CL) domains combined with electrostatic steering
mutations at the interface of both CH1-CL domains.'>*® The Fab region formed from HC1 (hole) and
LC1 (kappa) carries a wild-type interchain disulfide bond and electrostatic steering mutations (S183K in
CH1 and V133E in kappa LC) to promote correct LC-HC pairing. The Fab region formed from HC2
(knob) and LC2 (lambda) possesses an engineered interchain disulfide bond (F126C, C220V in CHI
and S122C, C212V in lambda LC) and electrostatic steering mutations (A141D in CHI1 and T117R in
lambda LC) at the CHI-CL interface. The Fab region formed from HC2 (knob) and LC3 (kappa)
features an engineered interchain disulfide bond (F126C, C220V in CHI and S121C, C214V in kappa
LC3) and electrostatic steering mutations (S183E in CHI and V133K in kappa LC) at the CH1-CL
interface.

Stable pool generation

Stable transfectant pools expressing each vector combination (detailed In Figures 2A, 3 A and 4A) were
generated using the Amaxa'™ Nucleofector' ™ system (Lonza, Basel, Switzerland) with the Cell Line
Nucleofector® Kit V (Lonza) as per manufacturer’s instructions. The transfected cells were selected in
medium containing methionine sulfoximine (MSX) and/or puromycin (depending on the selection marker
of the transfected vector(s)). Cell viability and VCD were monitored on a Vi-Cell XR automated cell counter
(Beckman Coulter, High Wycombe, UK) until cells recovered, successful recovery was achieved when cells
reached a VCD of 20.5 x 1076 cells/mL post transfection.

Clonal cell line generation

Prior to single-cell cloning, 384-well plates (Corning) were filled with proprietary medium supplemen-
ted with MSX using a Multidrop Combi reagent dispenser (ThermoFisher Scientific). For single-cell
cloning, each CHO pool to be cloned was sorted by depositing single cells into individual wells of pre-
filled 384-well plates using the f.sight single-cell printer (Cytena, Germany). All plates were then
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incubated at 36.5°C in a humidified incubator with 6% CO, for 11 - 14 days before cell confluence was
measured on a Cellavista imager (Synentec GmbH; data not shown). Clones were expanded into flat
bottom 96-well plates (Corning) and then into 96 deep well (96DW) 2 mL Masterblock plates (Greiner
Bio-one) using a Hamilton-Star liquid handler (Hamilton, Reno, NV, USA). Selected clones were scaled
up from 96DW plates into 24 square well, V-bottom 10 mL/well polypropylene plates (Porvair Sciences)
and then into Erlenmeyer flasks (Corning).

Fed-batch culture

Antibody production was evaluated by fed-batch culture either in an AMBRI15 system (Sartorius,
UK), 250 mL Erlenmeyer flasks or 96DW plates.*’ The production cultures grew at 36.5°C for 14 days
for AMBRI15 fed-batch, 11 days for flask-based fed-batch or 10 days for 96DW plate fed-batch. The
flasks and 96DW cultures were maintained in a humidified 6% CO, atmosphere at a shaker speed of
140 rpm for flasks and 350 rpm for 96DW plates. Cell density and viability were monitored during
cultivation in flasks, but not for the 96DW cultures, where an end-of-run, day 10 cell count was
performed. For flasks, culture medium was supplemented with bolus additions of a proprietary
nutrient feed over the course of the fed-batch process with lactate and glucose monitored using
a YSI (2900D, YSI Inc). For 96DW plates, culture medium was supplemented with bolus additions of
a proprietary nutrient feed and glucose over the course of the fed-batch process. For the AMBRI5
fed-batch system, settings of 35.5°C, 900 to 1500 rpm, 50% dissolved oxygen and pH 7.0 £ 0.1 were
monitored and regulated. In addition, fresh cell samples were collected every day from the AMBRI15
bioreactors for offline measurement of pH, gases (pCO, and pO,), lactate and glucose levels, VCD,
and cell viability using a BioProfile FLEX2 (Nova Biomedical, MA). Proprietary feed was added
periodically to the production cultures. Antibody titers in the culture supernatant were determined
using Protein A (PA) biosensors in an Octet QK384 (Pall ForteBio, Fremont, CA) for 96DW and by
PA HPLC (Agilent Technologies, CA) for AMBRI15 and flask cultures. Cell-specific productivity (qP)
was calculated as follows: qP = Th/CCTf (where Th is the harvest titer and CCTf is calculated
cumulative cell time on the last day of the culture). CCTi=((di - di-1) X (VCNi+ VCNi-1)/2) +
CCTi-1 (where d is the day of the culture, VCN is the viable cell count and i is the day of VCN
sampling during the culture).

High throughput purification

Purification was performed using PhyTip 200 pL columns containing 20 pL of ProPlus (MabSelect
SuRe™) affinity resin (Biotage) operated on a Tecan Freedom EVO® 200 robotic liquid handling platform
with Freedom EVOware®, Version 2.7 (TECAN Group Ltd.). Gibco™ 1x Dulbecco’s phosphate-buffered
saline (DPBS; Thermo Fisher Scientific) was used for column equilibration and 25 mM sodium acetate,
120 mM sodium chloride buffer pH 5.5 for wash steps. Samples were eluted using 100 mM glycine
buffer pH 2.7 and neutralized by the addition of 1 M Tris pH 7.5. Product purification from cultures of
the top clones was performed using IMCS MabSelect Sure ProA tips on a Hamilton Star liquid handling
robot. 50 mM Tris buffer (pH 7.4) was used for resin equilibration and 1x PBS buffer was used for
washing. Samples were eluted using Thermo IgG elution buffer and neutralized with 1 M Tris pH 8.0.
Presence of the RF mutation in HC1 is anticipated to ablate binding of half-hole or hole-hole dimer
mis-paired species to protein A.

Intact and subunit mass analysis

Samples were deglycosylated by PNGaseF (Promega) before intact mass analysis. Samples were subjected to
overnight FabAlactica (IgdE, Genovis) digestion before subunit mass analysis. Deglycosylated or IgdE
digested protein samples were injected into a BioResolve’™ mAb Polyphenyl reversed phase column
(450A, 2.7 um, Waters) on a UPLC (Waters), before being introduced to a Q-Exactive HFX mass spectro-
meter (Thermo). Mobile phases A and B were 0.1% trifluoroacetic acid in water and in acetonitrile,
respectively. Mass spectra were collected at a mass-to-charge ratio range of 800-4500. Mass deconvolution
was performed using Byos (Protein Metrics Inc.).
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Size exclusion chromatography

Size exclusion chromatography (SEC) was performed to analyze HMWS. Purified protein samples were
injected into a Protein BEH SEC column (200 A, 4.6 mm x150 mm, Waters). Proteins were eluted
isocratically by using sodium phosphate buffer at 0.5 mL/min flow rate on an Agilent 1260 HPLC system.
Any peaks eluting before the major product peak were integrated as HMWS.

RNA sample preparation and transcriptomic sequencing

Samples for transcriptomic analysis were collected during routine culture of both pooled and clonal cell
lines. Aliquots containing 10 x 10° cells were harvested by centrifugation at 130 g for 5 minutes. The
supernatant was discarded, and the resulting pellet was resuspended in 200 uL. RNAlater® (Sigma-
Aldrich) and stored at —80°C. Following removal of RNAlater, pellets were treated with a lysis buffer
containing Proteinase K from an RNAdvance Tissue kit (Beckman Coulter). Samples were vortexed and
incubated at 37°C for 25 minutes. RNA extraction was carried out on a Biomek i7 Hybrid robotic work-
station (Beckman Coulter) according to the manufacturer’s protocol. mRNA enrichment and sequencing
library preparation were performed using a KAPA mRNA HyperPrep Kit (Roche) on a Tecan Fluent® liquid
handler, following the manufacturer’s instructions. Library quality and integrity were assessed with an SS
NGS fragment kit (1-6000 bp; Agilent) on a fragment analyzer. Sequencing was conducted on an Illumina
NextSeq 2000 platform using paired-end 2 x 110 bp reads and a 200-cycle P3 Reagent Kit (Illumina).

RNA-seq data analysis

For cell pool and clone RNA-seq processing, Fastp,** version 0.23.4, with parameters “~compression 9 -
detect_adapter_for_pe - qualified_quality_phred 15 —-unqualified_percent limit 10 -average_qual 20 -
length_required 30,” was used to trim PCR and sequencing adapters and filter low quality read pairs.
Trimmed and qc-filtered reads were then used with Salmon,*® version 1.10.0, with the selective alignment
strategy *° and the parameters “~libType A — mimicStrictBT2,” to quantify the expression of transcripts,
annotated in Ensembl, version 93,*” with the addition of the extra transgenes. The Bioconductor package
txtimport *8 was used to summarize transcript expression into gene expression.“g_53

Gene copy number analysis

Genomic DNA was extracted from clonal cell lines using a PureLink™ Genomic DNA kit (Invitrogen)
according to the manufacturer’s protocol. GCN analysis was carried out on Notl-digested genomic DNA
from each sample using a TagMan Assay System with probes designed against antibody encoding DNA
sequences (Supplemental Table 2) (Thermo Fisher Scientific) and a Qx100 Droplet Digital PCR System,
along with QuantaSoft software (BioRad). Manufacturer’s instructions were followed throughout.

Abbreviations

Ab antibody

AMBR automated microbioreactor

bp base pair

CCT cumulative cell time

CD chemically defined

CE-SDS capillary electrophoresis—sodium dodecyl sulfate
CH1 constant heavy chain 1

CHO Chinese hamster ovary

CL constant light chain

CLD cell line development

DNA deoxyribonucleic acid

DPBS Dulbecco’s phosphate-buffered saline

DTE difficult to express

EOR end of run

Fab fragment antigen-binding

Fc fragment crystallizable — antibody constant region
Fd heavy-chain fragment of Fab

GCN gene copy number
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GS glutamine synthetase

HC heavy chain

HFX high-field Orbitrap mass spectrometer
HMWS high molecular weight species

HPLC high-performance liquid chromatography
IgdE immunoglobulin-degrading enzyme

IMCS Integrated Micro-Chromatography Systems
KiH knobs-into-holes

LC light chain

LC-MS liquid chromatography-mass spectrometry
LMWS low molecular weight species

mAb monoclonal antibody

mRNA messenger ribonucleic acid

MSX methionine sulfoximine

NGS next-generation sequencing

PA or ProA  Protein A

PBS phosphate-buffered saline

PCR polymerase chain reaction

pCO2 partial pressure of CO2 - process parameter
pH hydrogen ion concentration measure — process parameter
PNGase F peptide-N-glycosidase F - deglycosylation enzyme
pO2 partial pressure of O2 — process parameter
PQ product quality

Puro puromycin

qP cell-specific productivity

SEC size-exclusion chromatography

TPM transcripts per million

TriMab trispecific antibody T-cell engager

TrisAb trispecific antibody

UPLC ultra-performance liquid chromatography
uv ultraviolet

VA vector approach

VCD viable cell density

VCN viable cell number
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