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Abstract: <250 words 20 

We developed a targeted integration-based CHO cell platform for simultaneous antibody display 21 

and secretion, enabling streamlined transition from antibody library screening to production without 22 

requiring re-cloning of antibody genes. The platform consists of a CHO master cell line with a 23 

single-copy landing pad, a helper vector expressing FLPe recombinase, and bi-functional targeting 24 

vectors. Recombinase-mediated cassette exchange was utilized to integrate targeting vectors into 25 

the landing pad. Bi-functional vectors were designed by incorporating minimal furin cleavage 26 

sequence (mFCS), RRKR and various 2A peptides between the heavy chain (HC) and a 27 

membrane anchor. Incomplete cleavage at the mFCS and 2A sites facilitated the expression of 28 

both membrane-bound and secreted antibodies, while mutations in the 2A peptide produced a 29 

range of display-to-secretion ratios. However, a fraction of secreted antibodies retained 2A 30 

residues attached to the HC polypeptides. Further analysis demonstrated that modifying the first 31 

five amino acids of the 2A peptide significantly influenced furin cleavage efficiency, resulting in 32 

different display-to-secretion ratios for targeting vectors containing mFCS-2A variant combinations. 33 

Building on these findings, we developed a set of nine-amino-acid FCS variants. When positioned 34 

between the HC and the membrane anchor, these FCS variants provided a range of display-to-35 

secretion ratios while eliminating the issue of attached 2A residues in the secreted antibodies. Bi-36 

functional vectors with lower display levels proved more effective at distinguishing cells expressing 37 

high-affinity antibodies with closely matched binding affinities. Furthermore, the platform 38 

demonstrated high sensitivity in isolating high-affinity antibody-expressing cells and robust 39 

antibody production, offering a powerful tool for efficient antibody development. 40 

Keywords  41 

CHO cells, antibodies, recombinase-mediated cassette exchange, manufacturability, 42 

functionality, simultaneous display and secretion   43 
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List of abbreviations 44 

Chinese hamster ovary CHO 

Dual Z-domain with PDGFR transmembrane domain ZZ-PDGFR 

Encephalomyocarditis virus                                                                         EMCV 

Enzyme-cleavable surface-tethered all-purpose screening system  ECSTASY 

Equine rhinitis A virus 2A peptide  E2A 

Fluorescence activated cell sorting FACS 

Fragment antigen binding Fab 

Fluorescein isothiocyanate FITC 

FITC-conjugated IgG specific to the heavy chain  FITC-HC 

Foot-and-mouth disease virus 2A peptide  F2A 

Glycophospholipid GPI   

Heavy chain HC 

F(ab’) 2 Fragment Goat Anti-Human IgG, Fc Gamma specific phycoerythrin  HC-PE 

Human epidermal growth factor receptor 2 HER2 

HER2-Fluorescein isothiocyanate HER2-FITC 

Hygromycin resistance  HYGR 

Immunoglobulin G  IgG 

Integrated viable cell density IVCD 

Internal ribosomal entry site  IRES 

Light chain LC 

Mean fluorescence intensity MFI 

Minimal furin cleavage sequence mFCS 

Mutated FRT3  F3 

Peptide feature area PFA 

Pg cell-1 day-1  Pcd 

Platelet-derived growth factor receptor PDGFR 

Polyadenylation signals  pA 

Porcine teschovirus-1 2A peptide  P2A 

Recombinase-mediated cassette exchange  RMCE 

R-phycoerythrin R-PE 

Single-chain variable fragment scFv 
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Specific productivity  qMab 

Start codon-deficient puromycin resistance gene (ATG-)Puro 

Thosea asigna virus 2A peptide  T2A 

Variable Heavy VH 

Variable Light VL 

Wild-type FRT F 

  45 
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Introduction 46 

Therapeutic immunoglobulin G (IgG) monoclonal antibodies have become the bestselling 47 

biopharmaceutical products on the market 1. However, their development remains a technically 48 

challenging, time-consuming, and expensive process. The general antibody development workflow 49 

begins with the discovery phase, followed by production in mammalian cells and subsequent preclinical 50 

and clinical studies before market approval. Traditionally, antibody discovery has relied on either in vivo 51 

immunization of animals or in vitro display-based technologies. In vivo immunization triggers an immune 52 

response in animals, followed by the use of hybridoma or single B cell technologies to discover high-53 

affinity, highly specificity monoclonal antibodies 1,2. On the other hand, in vitro display technologies, 54 

such as phage-, bacteria-, and yeast-display, identifies high-affinity antibodies through high-throughput 55 

screening of immunized, naïve, synthetic or semi-synthetic libraries 3. Following discovery, the identified 56 

antibodies are then cloned and expressed through transient transfections in mammalian cells to 57 

generate small quantities for affinity, specificity and in vitro cell-based testing. Subsequently, lead 58 

antibodies are produced in large quantities using stably transfected Chinese hamster ovary (CHO) cells 59 

for further developability assessment, animal studies, and clinical trials. CHO cells have become the 60 

preferred choice for mass production of therapeutic antibodies due to their high yield and ability to 61 

properly fold and assemble complex proteins with human-like glycosylations.  62 

 63 

In the current process of antibody development, the transition from antibody discovery to production 64 

involves shifts in production strategies and host cells, such as transitioning from transient to stable 65 

production and changing from mouse cells and HEK293 cells to CHO cells. In addition, antibodies 66 

identified through microbial system-based display are usually in the form of single-chain variable 67 

fragment (scFv) or fragment antigen binding (Fab) fragments and lacks natural post-translational 68 

modifications, necessitating conversion into full-length antibodies, the final format for production in 69 

mammalian cells. These modifications often result in changes to antibody function, expression level 70 

and biophysical properties, which can increase both costs and timelines, along with the risk of failure 71 

4,5. Therefore, the development of novel technologies is needed to bridge the gap between antibody 72 

discovery and production. 73 

 74 
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Mammalian cell-based display technologies, which allow the screening of antibodies in their full-length 75 

format with authentic post-translational modifications, have become a more attractive alternative to 76 

microbial-based display systems 3,6–10. Typically, these technologies display antibodies on the cell 77 

surface by genetically fusing the C-terminus of the heavy chain constant region to a membrane anchor 78 

domain, such as the human platelet-derived growth factor receptor (PDGFR) 11–13 or the 79 

glycophospholipid (GPI) transmembrane domains 14–16. By double-staining the cell surface with 80 

antigens and antibodies against the constant regions of displayed antibodies, mammalian cell display 81 

enables flow cytometry-based screening of both binding affinity and expression levels of full-length 82 

antibodies 8. Additionally, cell surface staining signals provide insights into biophysical properties such 83 

as aggregation propensity, polyreactivity, and thermostability 17–19. Mammalian cell display captures all 84 

the expressed antibodies on the cell surface. However, screening for antibodies against difficult-to-85 

express membrane proteins 20 and additional functionalities, such as cell activation and internalization, 86 

requires mammalian cell libraries that secrete antibodies 7,21–25. Various microfluidic technologies — 87 

based on compartmentalization in droplets 24,26–28, nanostructures like nanopens 29, or microcapillaries 88 

30 — have been developed to enable screening for these functionalities in combination with secretion-89 

based mammalian cell libraries. In addition, large-scale antibody production for animal testing and 90 

developability assessments (e.g., stability, viscosity, and solubility) also requires secretion-mode 91 

expression.  92 

 93 

To streamline the transition between display and secretion modes without re-cloning antibody genes, 94 

various technologies have been developed to enable integration of antibody display and secretion within 95 

the same mammalian cell. These technologies can be grouped into two categories: (1) switchable 96 

display-to-secretion systems, which allow antibody expression to toggle between display-only and 97 

secretion-only modes, and (2) simultaneous display and secretion systems, which enable antibodies to 98 

be expressed concurrently both on the cell surface and in a secreted form. Switchable systems include 99 

approaches such as amber suppression 31, inducible fusion of protein A dual Z-domain with PDGFR 100 

transmembrane domain (ZZ-PDGFR) 7, chemically induced inhibition of furin cleavage 32, antibiotic-101 

promoted translational readthrough of stop codons 33, the enzyme-cleavable surface-tethered all-102 

purpose screening system (ECSTASY) 34, and “antibody-membrane switching” via recombinase-103 

mediated DNA recombination 35–37. The first four methods require the addition and removal of specific 104 
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components—such as non-natural amino acids, gene expression inducers, furin enzyme inhibitors, or 105 

antibiotics—to toggle between display and secretion modes. This complexity can introduce workflow 106 

challenges and lead to cell-to-cell variability in display due to inconsistent induction. The latter two 107 

methods face limitations in achieving complete switching from display to secretion, due to low DNA 108 

recombination or enzyme cleavage efficiency. Additionally, switchable display-to-secretion systems 109 

lack flexibility in controlling display levels of antibodies, which may need to be adjusted depending on 110 

the application 38.  111 

 112 

Simultaneous display and secretion systems include methods such as alternative splicing 23,39–42, leaky 113 

stop codons 43, minimal furin cleavage sequence (mFCS) 44, and 2A peptides 45. Each approach comes 114 

with their own challenges. For instance, leaky stop codons may lead to low membrane-bound antibody 115 

display and lacks control of display-to-secretion ratios. Similarly, adjusting the display-to-secretion ratio 116 

is challenging with the mFCS.  Furin, a naturally occurring protease in the Golgi apparatus, sporadically 117 

cleaves the mFCS. Cleavage results in the secretion of antibodies, while the absence of cleavage leads 118 

to cell surface-displayed antibodies. The mFCS motif, composed of the conserved sequence R-X-K/R-119 

R, offers limited engineering flexibility for tuning cleavage efficiency and thus the ratio of display-to-120 

secretion 46,47. Different strengths of splicing signals and 2A peptides have been developed to adjust 121 

the ratio of display to secretion 39,41,45. However, cryptic splicing sites within the heavy chain (HC) gene 122 

may lead to the expression of incorrect products. Meanwhile, 2A peptides, which are 18–22 amino acids 123 

long, enable ribosomal skipping during translation to produce secreted antibodies. When skipping does 124 

not occur, antibodies remain surface-bound. Despite their utility, 2A peptides cleave at the glycine-125 

proline bond, leaving residual fragments (16–20 amino acids) on secreted antibodies, potentially 126 

compromising the antibody's biophysical and functional properties 48. 127 

 128 

One more key consideration for developing technologies that streamline the transition from antibody 129 

discovery to production is the strategy for introducing antibody genes into mammalian cells. An ideal 130 

approach should meet several criteria: 1) high delivery efficiency to maximize library size, 2) expression 131 

of a single antibody gene per cell to allow efficient enrichment of clones with desired properties, 3) 132 

sustained expression to allow multiple rounds of enrichment and transition from antibody screening to 133 
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production, and 4) high-level expression for generating enough material for testing complexed 134 

developability and functional properties. Transient expression, which has been historically used for 135 

generation of mammalian cell libraries 49–51, fails to meet these requirements, as it provides short-term 136 

and low expression levels, and limited control over single-gene introduction per cell. Episomal plasmid 137 

vectors, which replicate without integrating into the chromosome, extend expression duration but still 138 

result in low expression levels and lack control over single-gene insertion per cell 15,39. In contrast, stable 139 

integration offers both long-term and high-level expression. Methods for stable integration that have 140 

been used in construction of mammalian cell libraries include random plasmid integration 15,35,38,44,52, 141 

viral-based transduction 12,20,36,53, transposons 22,23,54, and targeted integration. Random integration has 142 

low efficiency and poorly controls single-gene insertion per cell. Viral transduction and transposon-143 

based methods enhance integration efficiency, yet they struggle with multiple-gene integration. In 144 

addition, these two approaches lack precise control over insertion sites, leading to transcriptional 145 

variation across different cells that complicates flow cytometry sorting. Targeted integration, achievable 146 

through recombinase- 13,18,19,37,55,56 or nuclease-mediated methods 57–59, has become the most 147 

favourable approach for constructing mammalian cell libraries. This strategy offers precise integration 148 

at desired loci, enabling transcriptional uniformity, effective single-gene insertion and high expression 149 

levels, ultimately supporting efficient antibody screening and production. 150 

 151 

Previous studies have utilized episomal plasmid vectors 39, transposon expression systems 23,42 , viral 152 

transduction 45, and random integration 41,44 for achieving simultaneous display and secretion of 153 

monoclonal antibodies. However, the reported secreted titers from these technologies, ranging from 0.1 154 

mg/L to 80 mg/L, are relatively low and insufficient to meet the requirements for testing antibody 155 

properties that demand larger quantities of antibodies. To address this limitation, we have previously 156 

developed a targeted integration-based CHO cell expression system that supports single-copy 157 

integration of targeting plasmid vectors into a predefined active genomic site through FLPe-aided 158 

recombinase-mediated cassette exchange (RMCE) 60. This system enables rapid antibody production 159 

in stably transfected cell pools, reaching titers of several hundred mg/L in fed-batch cultures. In this 160 

study, we enhanced this system with a set of bi-functional vectors that enable simultaneous antibody 161 

display and secretion at different ratios. With the display function, this expression system facilitates 162 

high-throughput screening to efficiently identify high-affinity antibodies from a library. The secretion 163 
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function allows CHO cells expressing high-binding antibodies to be further screened for functionality 164 

using microfluidic technologies. Subsequently, identified CHO cells expressing desirable antibodies can 165 

be directly used as production cell lines, generating sufficient material for further developability 166 

assessments and functional studies. By integrating both capabilities within the same CHO cells, this 167 

platform offers a powerful, streamlined solution for antibody discovery to production. 168 

 169 

 Results  170 

Evaluation of mFCS, 2A peptides and their combinations for simultaneous display and secretion 171 

of full-length IgG antibody 172 

Previous studies have utilized either mFCS (R-X-K/R-R) or 2A peptides to achieve the simultaneous 173 

display and secretion of full-length IgG antibodies in mammalian cells 44,45. However, engineering mFCS 174 

to adjust the display-to-secretion ratio presents significant challenges, while antibodies secreted using 175 

the 2A peptide approach retain residual 2A sequences, which may impact their properties. To achieve 176 

simultaneous antibody display and secretion while avoiding the secretion of products containing 2A 177 

residues, we designed a set of targeting vectors in which the LC gene is positioned as the first cistron 178 

and linked to the HC gene through an encephalomyocarditis virus (EMCV) internal ribosome entry site 179 

(IRES) element. The HC is further connected to a GPI membrane anchor via a mFCS (R-R-K-R) 180 

combined with one of four 2A peptides: foot-and-mouth disease virus 2A peptide (F2A), equine rhinitis 181 

A virus 2A peptide (E2A), porcine teschovirus-1 2A peptide (P2A), or Thosea asigna virus 2A peptide 182 

(T2A). The HC stop codon is removed, ensuring the HC, R-R-K-R, 2A, and GPI anchor are in a single 183 

reading frame. An additional EMCV IRES sequence is included downstream of the GPI sequence. The 184 

entire expression cassette is flanked by a pair of FLPe recombination targeting sites: wild-type FRT and 185 

mutated FRT3. These four vectors were named RRKR-P2A, RRKR-F2A, RRKR-T2A and RRKR-E2A, 186 

respectively. For comparison, seven additional targeting vectors were designed with the same basic 187 

structure as those vectors described above. These variants differ in how the HC is linked to the GPI 188 

anchor: using only a 2A peptide, through R-R-K-R alone, directly fused to the GPI, or without the GPI 189 

anchor entirely. These seven vectors were named P2A, F2A, T2A, E2A, RRKR, Display, and Secretion, 190 

respectively (Figure 1A).   191 
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 192 

All targeting vectors were evaluated in stably transfected pools generated via RMCE using our 193 

previously developed CHO master clone. To establish stable pools, each targeting vector was co-194 

transfected with an helper vector expressing FLPe into the CHO master cells, followed by selection in 195 

medium containing puromycin. The CHO master clone contains a single-copy landing pad that 196 

expresses the hygromycin resistance (HYGR) gene flanked by FRT3 and FRT recombination sites 197 

matching those in the targeting vectors. Downstream of the FRT site, a start codon-deficient puromycin 198 

resistance gene ((ATG-)Pur) is located. The targeting vectors were designed without promoters and 199 

polyadenylation signals (pA). Accurate RMCE-mediated integration of the targeting vector into the 200 

landing pad activates the expression of the LC, HC (and its associated components), and the puromycin 201 

resistance gene, allowing the cells to survive selection. CHO master cells with incorrect integration fail 202 

to express these genes and are eliminated during selection. Simultaneous display and secretion 203 

functionality could be achieved in stable cell pools transfected with RRKR-2A vectors. These vectors 204 

enable antibody processing through furin cleavage at RRKR site and/or ribosomal skipping at the 2A 205 

peptide site. This design results in the generation of three possible antibody forms: 1) secreted 206 

antibodies without attachment of 2A residues when cleavage occurs at the furin cleavage site or at both 207 

the furin cleavage site and the 2A peptide, 2) surface-displayed antibodies when neither furin cleavage 208 

nor ribosomal skipping of the 2A peptide occurs, and 3) secreted undesired antibodies when only 209 

ribosomal skipping occurs at the 2A peptide, resulting in antibodies with a redundant trailing amino acid 210 

sequence (Figure 1B). 211 

 212 

Once stable pools were established, they were analyzed for surface antibody display using flow 213 

cytometry after staining with fluorescein isothiocynate (FITC)-conjugated IgG specific to the heavy chain 214 

(FITC-HC) (Figure 2A). Antibody secretion levels were also evaluated for each stable pool in 5-day 215 

batch cultures. Two control pools were generated: one using the Secretion vector (which lacks GPI and 216 

secretes all antibodies into the medium) and another using the Display vector (which directly links the 217 

HC to GPI, resulting in all antibodies being displayed on the cell surface). The normalized display level 218 

was quantified as the mean fluorescence intensity (MFI) of pools generated using a specific targeting 219 

vector divided by the MFI from the Display control. Similarly, the normalized secretion level was 220 
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calculated as the specific productivity (qMab) of the pool generated using a specific targeting vector 221 

divided by the qMab from the Secretion control (Figure 2B).  222 

 223 

All targeting vectors exhibited homogeneous expression levels across cells, as indicated by sharp flow 224 

cytometry histograms. As expected, compared to non-transfected cells (Blank), the Secretion vector 225 

displayed negligible antibody levels on the cell surface, while the Display vector demonstrated high 226 

levels of surface antibody display with no secretion. Interestingly, the RRKR vector achieved a display 227 

level slightly higher than the Display control while exhibiting no secretion. This observation contrasts 228 

with a previous study which used the RIRR sequence to link the HC to a PDGFR membrane anchor, 229 

enabling simultaneous display and secretion of antibodies 44. A potential explanation for this 230 

discrepancy lies in the differences in the membrane anchor and mFCS sequences used. Among the 2A 231 

vectors, P2A, F2A, T2A, and E2A displayed varying levels of surface antibody display, achieving 95%, 232 

80%, 20%, and 10% of the Display control, respectively. When combined with RRKR, all targeting 233 

vectors showed reduced display levels except for RRKR-E2A. The display levels observed from the 234 

RRKR-2A combinations did not directly correlate with those of their respective 2A vectors without RRKR. 235 

Specifically, RRKR-P2A exhibited the lowest display level, achieving only 2% of the Display control. 236 

RRKR-T2A, RRKR-F2A, and RRKR-E2A exhibited higher display levels, achieving 4%, 18%, and 30% 237 

of the Display control, respectively. A general inverse relationship between secretion and display levels 238 

was observed across the 2A and RRKR-2A-containing targeting vectors, with secretion levels ranging 239 

from 44% to 88% of the Secretion control. 240 

 241 

The secreted antibodies from different targeting vectors were purified using protein A and analyzed 242 

under reducing conditions on a denaturing SDS-PAGE gel (Figure 2C). As expected, the HC and LC 243 

polypeptides expressed from the Secretion control vector were observed at approximately 50 kDa and 244 

25 kDa, respectively. The LC polypeptides secreted from all other targeting vectors were also observed 245 

at approximately 25 kDa. However, for all four 2A peptide-containing targeting vectors, one or two bands 246 

with sizes larger than the HC polypeptide of the Secretion control were observed. Peptide mapping 247 

analysis revealed that these HC species were attached with residual 2A or 2A-GPI peptide fragments 248 

(Supplementary Figure S1). The amount of HC-2A-GPI polypeptide present in the medium was small, 249 
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which could have resulted from cell death. When RRKR was included upstream of F2A, T2A, and E2A, 250 

two distinct HC bands were still observed. However, sizes of lower bands were smaller than those from 251 

the corresponding 2A-only targeting vectors. Peptide mapping indicated that the upper bands 252 

corresponded to HC polypeptides with residual 2A fragments, while the lower bands represented 253 

correctly processed HC polypeptides. Notably, only the RRKR-P2A vector produced an HC polypeptide 254 

with the correct size, completely free of residual 2A fragments, as confirmed by peptide mapping 255 

(Supplementary Figure S1). However, the display level from this vector was very low, potentially 256 

insufficient for antibody library screening. 257 

     258 

Point mutation of P2A in RRKR-P2A for obtaining different display-to-secretion ratios 259 

To achieve different display-to-secretion ratios using the RRKR-P2A vector, we introduced point 260 

mutations in P2A, substituting each amino acid with amino acid G, P, or A (Figure 3). G and P influence 261 

secondary structure differently—G increases flexibility, while P imposes conformational constraints. A, 262 

on the other hand, has minimal impact on secondary structure. The mutated targeting vectors were 263 

assessed for surface display and antibody secretion as described previously. Nine point mutations—264 

A1G, T2G, A1P, T2P, N3P, F4P, S5P, N3A, and F4A—enhanced display levels compared to the wild-265 

type RRKR-P2A vector. The extent of the increase varied depending on the mutation. Notably, A1P and 266 

T2G mutations raised display levels to 80% and 50% of the Display control vector, respectively. 267 

Correspondingly, secretion levels from these vectors dropped to 20% and 60% of the Secretion control 268 

vector, respectively. The HC polypeptides secreted from the A1P vector were larger than those from 269 

the Secretion control vector. The T2G vector produced two HC bands. Peptide mapping revealed that 270 

most HC species from A1P and T2G represented HC polypeptides attached to P2A residues, while a 271 

minor proportion retained P2A-GPI residues (Supplementary Figure S1). For the other seven mutations, 272 

display levels ranged from 9% to 20% of the Display vector, and secretion levels were slightly reduced 273 

compared to the Secretion vector. Secreted HC polypeptides from these vectors exhibited correct size 274 

on SDS PAGE. However, peptide mapping indicated a small proportion of species retained residual 2A 275 

or 2A-GPI fragments (Supplementary Figure S1).  276 

 277 

Interestingly, only mutations within the first five amino acids of P2A in the RRKR-P2A vectors increased 278 

display levels. Previous studies suggest that mutations at other positions also dramatically reduce 2A 279 
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peptide cleavage efficiency 45,61. To explore whether mutations outside the first five amino acid affect 280 

P2A cleavage efficiency, one set of targeting vectors containing mutated P2A sequences without mFCS 281 

were tested. Analysis of these P2A-only vectors revealed that mutations both within and outside the 282 

first five amino acids decreased secretion levels compared to the wild-type P2A vector, likely due to 283 

reduced P2A cleavage efficiency. Similar to the wild-type P2A vector, HC polypeptides expressed from 284 

mutated P2A exhibited two bands. However, these mutations did not significantly further increase 285 

display levels compared to the Display control vector, suggesting that the amount of antibodies 286 

displayed on the cell surface had reached saturation. One possible explanation for the lack of increased 287 

display levels in mutations outside the first five amino acids for the RRKR-P2A vectors is that these 288 

mutations affected only P2A cleavage efficiency. Antibody secretion still occurred via cleavage at RRKR, 289 

resulting in the removal of both P2A and GPI from HC. In contrast, the nine mutations within the first 290 

five amino acids that increased display levels likely influenced cleavage efficiencies at both RRKR and 291 

P2A sites. 292 

 293 

 Engineering furin cleavage sequence (FCS) for obtaining different display-to-secretion ratios 294 

Previous studies indicate that the five amino acids downstream of the mFCS (R-X-R/K-R) play a critical 295 

role in furin cleavage efficiency 46,47. To examine the impact of the first five amino acids from the wild-296 

type or mutated P2A on furin cleavage, we designed one set of nine-amino-acid FCS variants and 297 

linked them to the HC and GPI to enable simultaneous antibody display and secretion. These variants 298 

incorporated the first five amino acids from the N-terminus of the wild-type and mutated P2A sequences 299 

downstream of RRKR. Corresponding RRKR-P2A vectors with the same mutations were included for 300 

comparison. The RRKRATNFS vector, incorporating the first five amino acids (italicized) of the wild-301 

type P2A, exhibited low display and high secretion levels, closely resembling the performance of the 302 

wild-type RRKR-P2A vector (Figure 4). All targeting vectors containing the nine FCS variants with the 303 

first five amino acids of mutated P2A showed increased display and decreased secretion compared to 304 

the wild-type RRKR-P2A vector. The changes in display and secretion levels closely aligned with those 305 

observed in the corresponding mutated RRKR-P2A vectors. Notably, two exceptions, RRKRGTNFS 306 

and RRKRAPNFS, displayed significantly higher display levels—approximately five-fold and three-fold 307 

higher, respectively—than their RRKR-(GTNFS)P2A and RRKR-(APNFS)P2A counterparts. 308 

Correspondingly, secretion levels in the RRKRGTNFS and RRKRAPNFS vectors decreased compared 309 
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to their P2A-containing counterparts, although the reduction was less pronounced than the increase in 310 

display levels. These findings suggest that point mutations in P2A predominantly affect cleavage 311 

efficiency at RRKR rather than P2A. However, the discrepancies in display and secretion levels for 312 

RRKRGTNFS and RRKRAPNFS vectors relative to their P2A-containing counterparts indicate that 313 

mutations A1G and T2P may influence cleavage efficiencies at both RRKR and P2A. 314 

 315 

Fed-batch cultures of the pools generated using the ten FCS variants were carried out until day 12. 316 

Four variants—RRKRPTNFS, RRKRAGNFS, RRKRAPNFS, and RRKRATNFP—produced titers 317 

ranging from 50 to 275 mg/L, with titers inversely correlated to their display levels. Interestingly, the 318 

remaining variants did not further enhance antibody titers despite reduced display levels. The harvested 319 

antibodies were purified using protein A and analyzed via SDS-PAGE under reducing conditions. HC 320 

polypeptides expressed from RRKRAGNFS and RRKRPTNFS vectors, which had the highest display 321 

levels, exhibited two distinct bands, with the upper bands having higher molecular weights than those 322 

of the Secretion control HC. Peptide mapping analysis of the RRKRAGNFS sample revealed that a 323 

small proportion of HC polypeptides from the top band remained attached to GPI (Supplementary Figure 324 

S1). These aberrant species in the medium may have resulted from cell death. In contrast, HC 325 

polypeptides from the other seven FCS variants exhibited the correct molecular weight. Peptide 326 

mapping analysis of secreted samples from three targeting vectors—RRKRATNFP, RRKRGTNFS, and 327 

RRKRAPNFS—with relative display levels of 9.4%, 23.9%, and 39.4%, respectively, confirmed that the 328 

HC polypeptides were correctly processed, with both FCS and GPI successfully removed. The 329 

remaining targeting vectors, which exhibited relative display levels below 5%, may not be suitable for 330 

antibody screening due to their insufficient display levels. 331 

 332 

Comparison of low- and high-display-level vectors for discriminating antibodies with similar 333 

binding affinities 334 

To evaluate the impact of display levels on the ability to discriminate cells expressing antibodies with 335 

close binding affinities, we generated two sets of stable pools using two targeting vectors –336 

RRKRATNFP vector exhibiting display levels of 9.4% (low-display) and RRKRAPNFS vector exhibiting 337 

display levels of 39.4% (high-display) relative to the Display control, respectively. Each set of stable 338 

pools expressed three antibodies against human epidermal growth factor receptor 2 (HER2) antigen 339 
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with high (KD = 3.5E-10 M), medium (KD = 2.0E-09 M), and low (KD = 6.7E-09 M) binding affinities 340 

(Figure 5A). The binding affinities of these antibodies were quantified by Octet® Bio-Layer 341 

Interferometry assay. Each stable pool was either single-stained with HER2 antigen labelled with FITC 342 

(HER2-FITC) or double-stained with HER2-FITC and R-phycoerythrin (R-PE)-conjugated IgG specific 343 

to the heavy chain (HC-PE) staining reagents. Optimal concentrations for each staining reagent, 344 

yielding a low signal-to-noise ratio and improved discrimination between cells expressing different 345 

antibodies, were identified through titration curves (data not shown).  346 

 347 

The non-transfected cells with double staining served as the blank control, while a stable pool generated 348 

using the low-display vector expressing the high-affinity antibody, singly stained with either HER2-FITC 349 

or HC-PE, served as the positive control (Figure 5B). Single-staining with HER2-FITC failed to 350 

differentiate between the three high-display vector-generated pools expressing high, medium, and low-351 

affinity antibodies (Figure 5B, No Dissociation). For the three low-display-vector-generated pools, those 352 

expressing low and medium binding affinities exhibited distinct levels of fluorescence intensity, but high- 353 

and medium-binding affinity pools showed significant overlap. Under double-staining conditions, high-354 

display vector-generated pools continued to exhibit poor discrimination between populations, whereas 355 

low-display vector-generated pools demonstrated clear separation between low- and medium-affinity 356 

pools and marginal discrimination between medium- and high-affinity pools. Both high-display and low-357 

display vector-generated pools showed overestimated relative affinities compared to measurements 358 

obtained using Octet®. A better correlation was observed between the Octet® measurements and flow 359 

cytometry results for low-display vector-generated pools than for high-display vector-generated pools 360 

(Figure 5C, No Dissociation). 361 

 362 

The binding affinity (Kd) measured using Octet® accounts for both the association and dissociation 363 

rates of antigen binding to antibodies. In contrast, the flow cytometry approach measures binding affinity 364 

by incubating cells with staining reagents for 30 minutes and analyzing them immediately after a quick 365 

washing step, replicating the "association stage" of Octet® but omitting the "dissociation stage." This 366 

difference likely explains the disparity in binding affinities measured by the two methods. To mimic the 367 

Octet® measurement of binding affinity, we modified the staining protocol to include a "dissociation 368 
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stage." This was achieved by incubating cells in washing buffer at 37°C for 15 minutes following antigen 369 

staining. Various parameters were tested, including multiple rounds of washing, different incubation 370 

times, and larger incubation volumes, to optimize dissociation conditions (data not shown). Incubating 371 

cells at 37°C for 15 minutes after the first wash step was found to be most effective, consistent with a 372 

previous study that reported enhanced antibody dissociation kinetics at this temperature 62. 373 

 374 

Incorporating this dissociation step into the staining protocol improved the ability to differentiate cell 375 

populations (Figure 5B, Dissociation). For high-display pools, single-staining could distinguish cells 376 

displaying low-binding antibodies from those with high or medium-binding antibodies, though high- and 377 

medium-binding populations remained indistinguishable. For low-display pools, discrimination between 378 

high- and medium-affinity populations improved slightly, though significant overlap persisted. Under 379 

double-staining conditions, high-display pools were still unable to distinguish between high- and 380 

medium-binding affinities. In contrast, low-display pools clearly separated cell populations expressing 381 

high, medium, and low binding affinities. Supporting this observation, the relative binding affinity of cells 382 

stained using the dissociation protocol for low-display pools closely reflected actual antibody binding 383 

kinetics as measured by Octet® (Figure 5C, Dissociation). Meanwhile, high-display pools continued to 384 

overestimate binding affinities, yielding values several-fold higher than the actual measurements. 385 

 386 

Evaluation of simultaneous display and secretion platform for sorting sensitivity 387 

To assess the sensitivity of the simultaneous display and secretion platform to isolate cells expressing 388 

high-affinity antibodies from a mixed population via fluorescence-activated cell sorting (FACS), the three 389 

low-display vector-generated pools expressing high-, medium-, and low-affinity antibodies were mixed 390 

in a 1:1:1 ratio. The mixed cell pool was double-stained with HER2-FITC and HC-PE using the modified 391 

staining protocol, which incorporated a dissociation step. The low-display pool expressing the high-392 

affinity antibody was included as a positive control to establish gating parameters. Flow cytometry 393 

analysis of the mixed pool revealed three clearly separated populations with similar ratios. Cells within 394 

the top 1% gate were sorted and double-stained, showing fluorescence intensities comparable to those 395 

of the high-affinity control pool. Sequencing of the LC and HC cDNA from cells in the sorted pools 396 

confirmed they were expressing the high-affinity antibody (Supplementary Figure S2). 397 
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 398 

To further evaluate the platform’s capability for screening antibody libraries to identify high-affinity 399 

binders, a humanized antibody library was constructed. This library was generated by shuffling the 400 

human antibody germline frameworks and complementarity-determining regions (CDRs) of the mouse 401 

anti-HER2 4D5 antibody, following a previously described method 63. These humanized antibodies were 402 

cloned into the low-display RRKRATNFP vector and co-transfected with an FLPe-expressing helper 403 

vector into the CHO master clone, followed by puromycin selection to create a stably transfected cell 404 

pool. Cells from the high-affinity control pool were spiked into this newly generated CHO cell pool 405 

expressing the humanized antibody library at ratios of 0.01% and 0.0001%. The mixed cell pools were 406 

double-stained using the same above described protocol and subjected to repeated rounds of FACS, 407 

selecting the top 1% of high HER2 binders in each round. Under the 0.01% spiking condition, cells 408 

expressing antibodies with binding affinities similar to the high-affinity control pool were enriched after 409 

three rounds of sorting. For the 0.0001% spiking condition, four rounds of sorting were required to obtain 410 

an enriched pool expressing antibodies with affinities similar to the control pool (Figure 6). Sequencing 411 

of the LC and HC cDNA in cells from the enriched pools confirmed the enrich pools were expressing 412 

the high-affinity antibody (Supplementary Figure S2). 413 

 414 

Discussion 415 

Previous studies utilized either mFCS or 2A peptide alone between the HC and a membrane anchor to 416 

achieve simultaneous antibody display and secretion 44,45. However, engineering mFCS to achieve 417 

different display-to-secretion ratios is challenging due to its highly conserved sequences. Meanwhile, 418 

the use of 2A peptides resulted in secreted antibodies with attached 2A residues. To address this 419 

limitation, we explored the mFCS-2A peptide combinations between HC and a GPI membrane anchor 420 

to enable simultaneous antibody display and secretion. The combinations of mFCS (RRKR) with four 421 

2A peptides—P2A, F2A, E2A, and T2A—were evaluated. As anticipated, all vectors linking HC and GPI 422 

with these 2A peptides alone produced secreted antibodies containing 2A residues (Figure 2). Notably, 423 

the RRKR-P2A vector was the only construct that produced secreted antibodies without attached 2A 424 

residues. In contrast, secreted products from RRKR-F2A, RRKR-T2A, and RRKR-E2A vectors 425 
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contained a mix of HC polypeptides with and without 2A residues (Figure 2 and Supplementary Figure 426 

S1). 427 

 428 

2A peptides facilitate polypeptide cleavage through ribosomal skipping during translation, whereas furin 429 

cleavage occurs in the Golgi post-translation. When the gene encoding HC-RRKR-2A-GPI is expressed, 430 

the resulting HC polypeptides exist in two forms, HC-RRKR-2A and HC-RRKR-2A-GPI, depending on 431 

whether "self-cleavage" occurs at the 2A peptide (Figure 1B). Upon entering the Golgi, cleavage at the 432 

RRKR site in both HC-RRKR-2A and HC-RRKR-2A-GPI results in secreted antibodies lacking the 2A 433 

and 2A-GPI residues. If furin cleavage does not occur, two antibody forms are produced: one with 2A-434 

GPI attached, displayed on the cell surface, and the other as secreted antibodies with attached 2A 435 

residues. The levels of display and the abundance of secreted antibodies, with or without 2A residues, 436 

depend on the cleavage efficiency of furin at the RRKR site and “self-cleavage” efficiency of the 2A 437 

peptides. 438 

 439 

Among the four RRKR-2A peptide combinations, previous studies have demonstrated that P2A has the 440 

lowest cleavage efficiency, E2A and F2A exhibit moderate cleavage efficiencies, and T2A has the 441 

highest 48. In relation to furin cleavage efficiency, the conserved cleavage sequence is described as 442 

RP6–XP5–RP4–XP3–(K/R)P2–RP1–XP1'–XP2'–XP3'–XP4'–XP5'. Although not highly conserved, the five amino 443 

acids downstream of the core sequence, R-X-K/R-R, also significantly influence furin cleavage 444 

efficiency 46,47. The first five amino acids of P2A, F2A, T2A, and E2A are ATNFS, APVKQ, EGRGS, 445 

and QCTNY, respectively. Our data (Figure 4), combined with the prevalence of specific amino acids 446 

at positions P1' to P5' as reported in previous studies 46,47, suggest that positioning ATNFS downstream 447 

of RRKR enhances furin cleavage efficiency, while sequences such as APVKQ, EGRGS, and QCTNY 448 

may inhibit it. As a result, the dominant HC form expressed from the RRKR-P2A vector in the 449 

endoplasmic reticulum is HC-RRKR-P2A-GPI, with HC-RRKR-P2A as the minor form due to P2A's low 450 

cleavage efficiency. Upon Golgi entry, efficient cleavage at RRKR in both HC-RRKR-P2A and HC-451 

RRKR-P2A-GPI results in high levels of secreted antibodies without 2A residues and low levels of cell 452 

surface display. For the RRKR-F2A and RRKR-E2A vectors, HC-RRKR-2A and HC-RRKR-2A-GPI are 453 

both dominant due to moderate 2A cleavage efficiency. Low furin cleavage efficiency at RRKR in the 454 
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Golgi results in incomplete processing of both HC-RRKR-2A and HC-RRKR-2A-GPI, leading to 455 

secretion of antibodies in two forms, with and without 2A residues, and relatively higher display levels 456 

compared to the RRKR-P2A vector. In the RRKR-T2A vector, HC-RRKR-2A is the dominant form due 457 

to T2A's high cleavage efficiency, while HC-RRKR-T2A-GPI is the minor form. However, low furin 458 

cleavage efficiency in the Golgi leads to high secretion levels of antibodies in both forms, with and 459 

without 2A residues and lower display levels. Further studies showed that mutating P2A in the mFCS-460 

P2A vector increased the antibody display-to-secretion ratio by inhibiting furin cleavage, resulting in 461 

incomplete processing of HC-RRKR-P2A-GPI. However, this also led to the secretion of antibodies with 462 

2A residues attached. These findings indicate that achieving both high antibody display levels and 463 

secretion of only correct product is not feasible with the RRKR-2A strategy. 464 

 465 

A previous study demonstrated simultaneous antibody display and secretion by linking the HC to the 466 

PDGFR membrane anchor via an mFCS sequence, RIKR 44. However, in our study, when HC was 467 

linked to a GPI membrane anchor using a similar mFCS sequence, RRKR, antibodies were expressed 468 

exclusively in the membrane-bound form, with no detectable secretion (Figure 1). Given that RIKR and 469 

RRKR are expected to have comparable furin cleavage efficiencies, the absence of secretion in our 470 

study is likely attributable to the use of different membrane anchors rather than differences in the mFCS 471 

sequences. The first five amino acids of GPI are P, N, K, G, and S, whereas those of PDGFR are A, V, 472 

G, Q, and D. Notably, P at P1' and N at P2' are rarely observed in natural FCS, whereas A at P1' and 473 

V at P2' are highly prevalent in FCS with high furin cleavage efficiency 46,47. This difference likely 474 

explains the lack of secretion in the RRKR vector, as furin cleavage is inhibited by the P and/or N 475 

residues at P1' and P2' in GPI. This hypothesis is further supported by data showing that the RRKR-476 

P2A vector exhibited very low display levels, while mutating the first amino acid of P2A from A to P 477 

significantly increased display levels (Figure 3). Similarly, the RRKRATNFS variant showed low display 478 

levels, whereas the RRKRPTNFS variant exhibited high display levels (Figure 4). These results suggest 479 

that P at P1' strongly inhibits furin cleavage efficiency. 480 

 481 

Further analysis of the ten nine-amino-acid FCS variants, incorporating the first five amino acids from 482 

the N-terminus of the wild-type and mutated P2A sequences downstream of RRKR, provided deeper 483 
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insights into how specific amino acids and their positions affect furin cleavage efficiency (Figure 4). For 484 

instance, P at positions P2' to P5' inhibited furin cleavage, although the effect was less pronounced 485 

than at P1'. G at P2' strongly inhibited cleavage, while its effect at P1' was weaker. A at P3' to P4' also 486 

inhibited cleavage but had no impact when located elsewhere. The amino acid composition at specific 487 

positions in FCS variants with high furin cleavage efficiency aligned with the prevalence of highly 488 

conserved amino acids at positions P1' to P5', as reported in previous studies 46,47. This suggests that 489 

incorporating highly conserved amino acids at each position is beneficial for enhancing furin cleavage 490 

efficiency. These findings are pivotal for designing optimized FCS variants, enabling precise control 491 

over antibody display-to-secretion ratios and supporting diverse applications. 492 

 493 

The ten nine-amino-acid FCS variants identified in this study modulated antibody display-to-secretion 494 

ratios ranging from 3.1% to 61.6%. Since the total amount of antibodies expressed by a single cell is 495 

fixed, increasing the amount of antibodies displayed on the cell surface will lead to lower secretion 496 

levels (Figure 4). Higher secretion levels are preferable for reducing cost-of-goods, making the optimal 497 

display-to-secretion ratio one that minimizes display levels while still enabling effective antibody library 498 

screening. In addition, excessively high display levels can saturate the cell surface, diminishing the 499 

platform’s ability to differentiate between cells expressing antibodies with similar binding affinities 38. By 500 

comparing two targeting vectors with display levels of 9% and 39% relative to a control display vector, 501 

we demonstrated that lower display levels more effectively distinguish cells expressing antibodies with 502 

high and closely related binding affinities. While further reducing display levels could enhance the ability 503 

to discriminate between antibodies with different affinities, excessively low display levels can result in 504 

poor signal-to-noise ratios, negatively impacting platform performance. Low display levels may not be 505 

ideal for all applications. For example, in antibody discovery using large libraries, where positive 506 

antibodies are rare and often exhibit low binding affinities, higher display levels can improve surface 507 

staining signals and increase sensitivity for detecting positive hits. 508 

 509 

Our simultaneous antibody display and secretion platform demonstrated high sensitivity for isolating 510 

high-affinity antibody-expressing cells, while achieving antibody production levels exceeding 200 mg/L 511 

in fed-batch cultures. We validated its sensitivity by successfully isolating cells expressing a known 512 
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high-affinity antibody from a pool of humanized antibody library variants, with the cells expressing the 513 

known antibody spiked at only 0.0001%. However, no antibodies with higher binding affinity than the 514 

control antibody were identified. This outcome is likely due to the limited size of the humanized antibody 515 

library integrated into the CHO master cells. The humanized antibody library we constructed contains 516 

approximately 10 million variants, but the FLP recombinase system used has an integration efficiency 517 

of around 1% (unpublished data). As a result, transfection of 10 million CHO master cells results in the 518 

expression of only about 1 × 105 unique antibodies. This limitation in library size is a common drawback 519 

of mammalian cell display systems. Enhancing targeted integration efficiency through more effective 520 

recombinase systems, such as BxB1, could address this issue 64–67. Additional strategies include 521 

enriching libraries via phage display before transitioning to mammalian display, utilizing immunized 522 

libraries, or designing high-quality libraries using artificial intelligence 6,56. 523 

 524 

Another critical parameter for our platform is secretion level. While the achieved production level of over 525 

200 mg/L is sufficient for many preclinical developability and functional studies—such as assessing 526 

antibody stability, aggregation, and some animal studies—applications like toxicity studies in animals 527 

and clinical trials typically require titers in the range of several grams per liter. To expand the platform’s 528 

applications, strategies for further enhancing expression levels are necessary. Genome-wide screening 529 

to identify more active genomic sites could significantly boost expression. Optimizing the targeting 530 

vector is another approach. The current vector employs EMCV IRES to drive HC expression, which has 531 

lower translation efficiency compared to cap-dependent translation. Replacing EMCV IRES with 2A 532 

peptides for co-expression of LC and HC could substantially enhance antibody expression levels 68. 533 

  534 
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Materials and Methods 535 

Construction of targeting vectors expressing single antibody and antibody libraries   536 

The secretion vector, containing the sequence FRT3-LC-IRES-HC-IRES-FRT, was synthesized by 537 

GenScript and served as the base vector for constructing other targeting vectors (Figure 1A). Additional 538 

targeting vectors in Figure 1A, 3A and 4A were created by inserting synthesized elements between the 539 

NsiI site at the 5’ end of the HC and the EcoRI site upstream of the second EMCV IRES in the base 540 

vector. Sequences for FLPe recombinase recognition sites (FRT3 and FRT), EMCV IRES, trastuzumab 541 

IgG1 LC and HC, P2A, F2A, E2A, T2A, and GPI have been previously described 14–16,48,60,69. 542 

 543 

For the high- and low-display targeting vectors expressing antibodies of varying binding affinities, the 544 

high-affinity antibodies utilized the trastuzumab sequence (Figure 5A). Medium- and low-affinity 545 

humanized anti-HER2 antibodies were developed in-house. Their binding affinities were quantified 546 

using bio-layer interferometry assays on the Octet system (LakePharma). Targeting vectors expressing 547 

medium- and low-affinity antibodies were constructed by replacing the variable light chain (VL) and 548 

variable heavy chain (VH) regions of in the trastuzumab-expressing high and low display vectors, using 549 

the SacII and BsiWI sites for VL and the NgoMIV and SalI sites for VH. 550 

 551 

A humanized anti-HER2 antibody library was generated by shuffling the CDR regions of the murine 552 

anti-HER2 4D5 antibody with human germline framework sequences, as previously described 63. The 553 

humanized VL and VH libraries were cloned into the low-display targeting vector containing the 554 

RRKRATNFP variant, using the SacII and BsiWI sites for VL library and the NgoMIV and SalI sites for 555 

VH library. 556 

Generation and characterization of stably transfected cell pools 557 

The CHO K1 master cell line (MCL) was previously established by integrating a landing pad vector into 558 

CHO K1 cells (ATCC) 60. Protocols for culturing the MCL and generating stable cell pools via RMCE 559 

have been detailed in earlier work 60. Stable cell pools were characterized for growth and productivity 560 

using 5-day batch or 12-day fed-batch cultures. Cultures were initiated at a seeding density of 3 × 10⁵ 561 

cells/mL in 30 mL protein-free medium consisting of HyQ-PF (GE Healthcare Life Sciences) and CD-562 
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CHO (Thermo Fisher Scientific) at 1:1 ratio, supplemented with 0.05% Pluronic F-68 (Thermo Fisher 563 

Scientific), 1 g/L sodium bicarbonate (Sigma), and 6 mM L-glutamine (Sigma). For fed-batch cultures, 564 

10% of Ex-cell Advanced CHO Feed 1 media (Sigma) was added every other day starting on day 3. 565 

Cell viability and density were assessed using a Vi-Cell XR viability analyzer (Beckman Coulter), and 566 

antibody secretion titers were measured with an IMMAGE 800 immunochemistry system (Beckman 567 

Coulter). Integrated viable cell density (IVCD) was calculated using the trapezoidal method. Specific 568 

antibody productivity (qMab) was determined by dividing the antibody concentration by the IVCD. 569 

Cell staining, Flow cytometry analysis and FACS enrichment 570 

To evaluate targeting vectors with varying antibody display levels (Figure 1A), 1 × 10⁷ cells were 571 

collected, washed with 1X PBS, and incubated with 500 µL of a 1:100 dilution of Anti-Human IgG (γ-572 

chain specific)–FITC (Sigma) on ice in the dark for 30 minutes. After staining, cells were washed twice 573 

with 1X PBS and resuspended at 5 × 10⁶ cells/mL for flow cytometric analysis using a FACSCalibur™ 574 

Flow Cytometer (BD Biosciences). 575 

Both single staining and double staining methods were used to differentiate cells expressing antibodies 576 

with varying binding affinities. For single staining, 1 × 10⁷ cells were washed with 1X PBS and incubated 577 

with 50 µL of 10 µg/mL FITC-labeled Human Her2/ErbB2 Protein, His Tag (HER2-FITC) 578 

(ACROBiosystems) at room temperature in the dark for 30 minutes. For double staining, the same 579 

protocol was followed. Besides HER2-FITC, 50 µL of 100 µg/mL R-phycoerythrin (R-PE) AffiniPure 580 

F(ab')₂ Fragment Goat Anti-Human IgG, Fc Gamma-specific (HC-PE) (Jackson ImmunoResearch) was 581 

also added during incubation. After staining, cells were either washed immediately before flow 582 

cytometry analysis (protocol without dissociation) or resuspended in 1 mL of pre-warmed 1X PBS and 583 

incubated at 37°C for 15 minutes to enable antibody dissociation (protocol with dissociation). Cell 584 

washing was performed using 1 mL of 37°C 1X PBS, followed by resuspension to a final concentration 585 

of 5 × 10⁶ cells/mL. Stained cells were analyzed using a FACSCalibur™ Flow Cytometer or sorted with 586 

a BD FACSAria™ III Cell Sorter (BD Biosciences). The sorting collection media comprised regular 587 

culture media supplemented with 1X Antibiotic-Antimycotic (Gibco). Flow cytometry data were 588 

processed using FlowJo™ 10.7.2 (Tree Star Inc). 589 

 590 

 591 
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Protein purification, SDS-PAGE and peptide mapping analysis 592 

Culture supernatants were purified using protein A on a GE AKTA Purifier 100 FPLC System (GE 593 

Healthcare). The purified antibodies were analyzed under reducing conditions using SDS-PAGE, 594 

followed by peptide mapping of their amino acid sequences via NanoLC-MS/MS analysis. Protocols for 595 

these processes have been detailed in previous studies 48. 596 

TOPO cloning for HC and LC sequences 597 

RNA was extracted using the RNeasy Mini Kit (Qiagen) following the manufacturer’s protocol. cDNA 598 

synthesis was performed with 2.5 µg of RNA using the EvoScript Universal cDNA Master (Roche). The 599 

LC and HC cDNA were independently amplified using the 2X Platinum SuperFi II Green PCR Master 600 

Mix (Thermo Fisher Scientific) with primers listed in Supplementary Table 3. The purified PCR products 601 

were used for TA cloning with the TOPO™ TA Cloning™ Kit (Thermo Fisher Scientific) for sequencing. 602 

  603 
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