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ABSTRACT
The early phase of protein drug development has traditionally focused on target binding properties leading to 
a desired mode of therapeutic action. As more protein therapeutics pass through the development pipeline; 
however, it is clear that non-optimal biophysical properties can emerge, particularly as proteins are formulated 
at high concentrations, causing aggregation or polyreactivity. Such late-stage “developability” problems can 
lead to delay or failure in traversing the development process. Aggregation propensity is also correlated with 
increased immunogenicity, resulting in expensive, late-stage clinical failures. Using nucleases-directed integra-
tion, we have constructed large mammalian display libraries where each cell contains a single antibody gene/ 
cell inserted at a single locus, thereby achieving transcriptional normalization. We show a strong correlation 
between poor biophysical properties and display level achieved in mammalian cells, which is not replicated by 
yeast display. Using two well-documented examples of antibodies with poor biophysical characteristics (MEDI- 
1912 and bococizumab), a library of variants was created based on surface hydrophobic and positive charge 
patches. Mammalian display was used to select for antibodies that retained target binding and permitted 
increased display level. The resultant variants exhibited reduced polyreactivity and reduced aggregation 
propensity. Furthermore, we show in the case of bococizumab that biophysically improved variants are less 
immunogenic than the parental molecule. Thus, mammalian display helps to address multiple developability 
issues during the earliest stages of lead discovery, thereby significantly de-risking the future development of 
protein drugs.
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Introduction

Recombinant antibody technology has revolutionized antibody 
discovery by enabling the generation of human antibodies to 
any target. This in turn has led to the approval of 85 antibody 
drugs and hundreds more progressing through clinical trials.1 

Historically the affinity, specificity and functional properties of 
antibodies have been the principal factors in the selection of 
antibodies to progress into pre-clinical development. Thus, the 
early phase of drug discovery focuses on identifying molecules 
having desired binding characteristics and appropriate mode of 
therapeutic action.

As more antibodies passed through the development pipe-
line, it became clear that the biophysical properties of the 
antibody are also important in determining whether a lead 
molecule will be successfully developed into an efficacious 
drug. Candidate antibodies with biophysical liabilities such as 
deamidation or isomerization can be easily identified from 
linear protein sequences, and mutations may be introduced 
to address these. Incubation with proteases or use of elevated 
temperatures2,3 or acid exposure4 during phage selection have 
also been used to enrich for increased stability during selection. 
Aggregation propensity, however, is less obvious and may only 

become evident at the higher concentrations required for drug 
formulation (e.g. concentrations in excess of 50 mg/ml are 
required for subcutaneous administration).

Assessment for aggregation propensity and polyreactivity 
has historically been deferred until a lead molecule, or limited 
panel of molecules have been selected for preclinical develop-
ment. The negative impact of biophysical liabilities, however, 
may only emerge during pre-clinical development when anti-
bodies are prepared at high concentrations. In some cases, 
buried by formulation “successes”, problems only emerge dur-
ing clinical trials, leading to expensive late-stage product fail-
ure. For example, Jain et al.5 have assessed the biophysical 
properties of 137 clinical-stage antibodies from Phase 2, 
Phase 3 and post-approval and have identified products with 
liabilities in all stages. The frequency of problematic antibodies 
was lower in later stages, suggesting ongoing attrition due to 
biophysical liabilities even within the clinical-stage pipeline.

Comparing a number of factors, Tessier et al.6 determined 
that aggregation propensity and polyreactivity in particular are 
most highly correlated with product failure. Assessment of 
aggregation propensity is usually carried out in biochemical 
assays on a clone-by-clone basis once a small panel of candi-
dates have been identified. The ability to detect such problems 
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early in the drug development cycle, ideally at the point of 
antibody discovery, would have a huge benefit in helping to 
successfully traverse the drug development process.

We have recently described the use of nuclease-directed 
integration in the construction of large libraries of binders 
displayed on the surface of mammalian cells.7 The efficiency 
of nuclease-directed integration creates the opportunity to 
introduce diverse repertoires of millions of complete antibody 
genes into the same genomic locus within a population of cells, 
combining accurate integration into a pre-defined site with an 
efficiency that allows construction of large libraries. Targeting 
individual antibody genes to a single locus within the popula-
tion has the additional advantage of effecting transcriptional 
normalization across the population. We now demonstrate 
that this system is capable of distinguishing between antibody 
variants with differing biophysical properties based only on the 
display level achieved on the mammalian cell surface. Using 
this capability, variant libraries have been constructed and 
derivatives with improved biophysical properties have been 
selected. We also show that mammalian display can differenti-
ate between antibodies with different polyreactivity profiles 
using the probes heparin sulfate and the heat shock protein 
(Hsp) chaperones Hsp70 and Hsp90.

Another consideration apart from developability is immu-
nogenicity of protein drugs. A relationship has been observed 
between the propensity of protein-based therapeutic molecules 
to aggregate with increased immunogenicity,8–10 suggesting 
that changes that improve solubility could, in some cases, 
also reduce immunogenicity. The anti-proprotein convertase 
subtilisin/kexin type 9 (PCSK9) antibody bococizumab was 
found to have poor biophysical properties5 and generated anti- 
drug antibodies in 50% of patients, which contributed to its 
withdrawal during a Phase 3 clinical trial.11 Here we demon-
strate using an in vitro T cell assay12 that mammalian display 
derived variants of bococizumab with improved solubility are 
less immunogenic than the parental molecule. Thus, mamma-
lian display is an important addition to the drug discovery 
armory allowing selection for variants with reduced aggrega-
tion, polyreactivity and immunogenicity.

Results

Display level of antibodies on the surface of mammalian 
cells is related to their biophysical properties

Nuclease-mediated integration of antibody genes into a single 
genomic locus has previously been used to generate libraries 
displaying IgG-formatted antibodies in mammalian cells.7 This 
was used for both de novo antibody discovery from naive 
libraries and for affinity maturation of antibodies. In addition 
to generating novel binders, we now demonstrate that mam-
malian display can be used to select variants with improved 
biophysical properties based on an inherent ability of mamma-
lian display to differentiate between antibodies with different 
biophysical properties.

A number of studies have reported antibodies exhibiting 
biophysical liabilities that have been improved by the introduc-
tion of a small number of amino-acid substitutions. We have 
used three pairs of closely related antibodies with differing 

biophysical properties to provide a useful resource to study 
antibody developability. The panel included a monoclonal anti-
body recognizing Angiopoietin 2 (Ang2mAb), which exhibited 
both poor expression and aggregation, and a variant engineered 
for better expression (Ang2mAb C49T),13 as well as MEDI-1912, 
which is an anti-nerve growth factor (NGF) antibody14 that 
showed precipitation and aggregation in solution and a poor 
pharmacokinetic profile. A triple mutant (MEDI-1912-STT) was 
identified with non-paratopic mutations (W30S, F31T and 
L56T) that interrupted the self-interaction interface whilst 
retaining potency and affinity for NGF. The panel also included 
CNTO607, an anti-interleukin (IL)-13 antibody that is poorly 
soluble at neutral pH, precipitates in phosphate-buffered saline 
(PBS) buffer at high concentrations and displays self-interaction. 
A variable heavy (VH) complementarity-determining region 3 
(CDR3) mutation W100A improved both antibody solubility 
and polyreactivity profile.15,16

VH and variable light (VL) chain genes for all six antibodies 
(Supplementary Table 1) were synthesized, expressed in IgG 
format and purified by affinity chromatography. The differ-
ences between the parental and improved daughter clones were 
not obvious upon comparison of the expression yields between 
the 3 pairs of antibodies, which showed only a modest 
improvement in expression of the improved daughter variants 
compared with the parental antibody (Table 1). Analysis of 
melting and aggregation temperatures of this antibody also 
failed to detect significant differences in the pairs despite the 
disparities in biophysical properties (Table 1). This is in line 
with previous reports from Dobson et al. reporting equivalent 
expression for the MEDI-1912 pair.14

Differences within the MEDI-1912 pair, however, became 
apparent during preparative size exclusion chromatography 
(SEC) where MEDI-1912 displayed an earlier elution profile 
compared with MEDI-1912-STT (Supplementary Figure 1), 
indicating that it exists as a higher molecular weight species 
and suggesting a propensity for self-interaction. The remaining 
antibodies eluted with the expected profile (similar to control 
antibody nivolumab, not shown). Differences in all 3 pairs 
became apparent upon concentration of the size purified anti-
body preparations by ultra-filtration. The antibody 

Table 1. Biophysical properties of antibodies. Table shows the melting tempera-
ture (Tm) and temperature of the onset of aggregation (Tagg). The expression 
yield represents the yield from transient transfection after protein A purification. 
C-max is the highest concentration achieved by ultra-filtration (>x indicates that 
the upper concentration limit of precipitation and blocking of the filter was not 
achieved). Dynamic light scattering measurements include the cumulant z-aver-
age size (Z-Av) and polydispersity index (PDI).

Antibody Tm (
oC) Tagg (

oC)
Expression Yield 

(mg/L)
C-Max 

(mg/ml)
Z-Av 
(nm) PDI

CNTO607 - 
parental

62.6 75.6 33.6 1.8 16.2 0.22

CNTO607 
(W100A)

61.4 75.4 55.2 >30 14.8 0.1

MEDI-1912- 
parental

71.5 73.2 33.2 1.4 21.5 0.15

MEDI-1912 
(STT)

70.8 74.8 52.8 >29 12.5 0.05

Ang2mAb- 
parental

63.8 65.0 13.4 >21 13.1 0.12

Ang2mAb 
C49T

66.5 65.2 34.4 >18 12.7 0.09

Nivolumab 67.6 67.3 102.8 >50 nd nd
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concentration achieved for each antibody pair is shown in 
Table 1. This revealed that it was not possible to concentrate 
the parental antibodies MEDI-1912 and CNTO607 beyond 
1.4 mg/ml and 1.8 mg/ml, respectively, before antibody pre-
cipitation occurred. In contrast, it was possible to concentrate 
the solubility-enhanced daughter molecules MEDI-1912-STT 
and CNTO607_W100A to 29 and 30 mg/ml, respectively, with 
no evidence of precipitation. No precipitation was observed for 
the concentrated Ang2mAb pair.

Dynamic light scattering (DLS)17 detected higher order 
aggregated species caused by self-aggregation for the parental 
antibodies MEDI-1912 and CNTO607, but not for the daugh-
ter molecules MEDI-1912-STT and CNTO607-W100A, as 
judged from the calculated polydispersity index (PDI) (Table 
1). Similarly, the average particle size of the parental MEDI- 
1912 was 22 nm, whereas the average particle size for the 
daughter molecule MEDI-1912-STT was 13 nm, indicating 
a lower order aggregation state. Thus, significant self- 
interaction is occurring for both the MEDI-1912 and 
CNTO607 parental antibodies, resulting in detectable self- 
interaction at lower concentrations and precipitation at higher 
concentrations.

Genes encoding the three antibody pairs described above13– 

15 were cloned into the mammalian display vector pINT17- 
BSD.7 Stable HEK293 populations displaying each of the IgG- 
formatted antibodies were created by nuclease-directed gene 
integration and blasticidin selection as described previously.7 

At 15 days, post-transfection (dpt) cells were stained with 
phycoerythrin-labeled (PE) anti-human Fc and the presenta-
tion level determined by flow cytometry. In all cases 
a significantly higher level of antibody display was achieved 
from the improved daughter antibody when compared to the 
original problematic parental antibody, with the difference in 

mean fluorescence intensity approaching 2 orders of magni-
tude (Figure 1a, b and Supplementary Figure 2a–c). 
Quantitation of cell surface copy number was achieved by 
reference to calibration beads. This showed that densities of 
310,000–570,000 molecules per cell were achieved for the opti-
mized molecules studied, with 700,000 copies per cell pre-
sented for ustekinumab (Supplementary Figure 3). We 
confirmed that differential presentation was also achieved in 
the Chinese hamster ovary (CHO) cell lines using the MEDI- 
1912 pair as an example (Supplementary Figure 2d).

Comparison of yeast and mammalian display in the 
surface display of antibodies with different developability 
properties

Yeast display has become a popular method for selection and 
engineering of binding molecules, including antibodies and 
other scaffolds. We investigated whether a similar correlation 
between biophysical properties and display level was found on 
yeast cells. In contrast to mammalian cells, where antibodies 
are integrated into the cell membrane, yeast cells are sur-
rounded by a cell wall and yeast display systems require cova-
lent linkage of the antibody to the cell wall through a disulfide 
bond between a fused Aga2 protein and the cell wall Aga1 
protein.19 For the display of IgG on the surface of yeast, a bi- 
cistronic yeast display vector pYD1-GAL20 was used where two 
inducible GAL1 promoters drive the expression of the antibody 
light and heavy chain genes. The plasmid contains an auxo-
trophic TRP1 gene (phosphoribosyl-anthranilate isomerase 
required for tryptophan biosynthesis) and growth in minimal 
media and a yeast origin of replication to enable plasmid 
episomal replication in yeast cells. The antibody heavy chain 
is expressed with an N-terminal Aga2 protein to enable yeast 

Figure 1. Distinguishing developable antibody by mammalian cell display. Flow cytometry plots of HEK293 (A and B) and yeast cells (D and E) displaying the Ang2 pair 
(A and D, respectively) or MEDI-1912 pair (B and E, respectively) on the cell surface. Histogram plots represent the cell count (x-axis) plotted against fluorescence 
intensity of anti-Fc-PE stain) for non-transfected cells (gray, filled), parental antibody (blue) and improved antibody (red). C and F show a scale representations of 
antibody presentation by mammalian cell display and yeast display, respectively.
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display (i.e., Aga2p-GS linker-VH-CH1-3) and the light chain 
as a soluble protein. Antibody genes encoding the heavy and 
light chain genes of MEDI-1912, MEDI-1912-STT, Ang2mAb 
and Ang2mAb-C49T were cloned into pYD1-GAL and anti-
body expression induced by the addition of galactose at 30°C, 
as described in Materials and Methods. Yeast cells were stained 
with anti-Fc-PE in parallel on the same day with the same 
protocol as used for HEK293 cells. In contrast to mammalian 
display (Figure 1a), yeast display showed an over-lapping 
staining profile for cells displaying Ang2mAb or Ang2mAb- 
C49T13 (Figure 1d). Yeast cell lines expressing MEDI-1912 or 
MED-1912-STT14 also resulted in an over-lapping staining 
profile, albeit to a lesser extent (Figure 1e). Thus, mammalian 
display was superior in differentiating between the tested pairs 
compared with yeast display.

Enriching clones with optimal biophysical properties using 
mammalian display

We next investigated if antibodies with improved biophysical 
properties could be enriched based on display levels. To test this, 
a model experiment was constructed where plasmids encoding 
MEDI-1912 and MEDI-1912-STT were mixed in equal propor-
tion and introduced into HEK293 cells as described previously. 
Following staining with anti-Fc PE, two distinct populations of 
cells were observed and gated into a “low” and “high” display 
level populations (gates 1 and 2, Figure 2a). Genomic PCR was 
performed on the two populations to recover the integrated VH 
genes. Approximately 1 million sequence reads were generated 
and analyzed, revealing that the population sorted for high anti-
body presentation level (gate 2) was enriched (96%) for the 
optimized MEDI-1922_STT clone. The population sorted for 
low antibody presentation (gate 1) was enriched (85%) for the 
problematic parental MEDI-1912 antibody clone.

We wished to determine if variants with improved biophy-
sical properties could be selected from a more complex library 
of variants. Dobson et al.14 found that residues W30, F31 and 
L56 on the VH of MEDI1912 have potential to form 
a hydrophobic patch on the surface of this antibody. 
A variant VH library was constructed where these 3 residues 
were randomized and the resultant library displayed on 
HEK293 cells. At 15 dpt, cells were stained with anti-Fc PE. 
Flow cytometry analysis of the displayed MEDI-1912-library 
demonstrated the presence of clones in the population expres-
sing MEDI1912 variants with equivalent or superior display 
levels to MEDI-1912_STT. The library population was sorted 
by fluorescence-activated cell sorting (FACS) according to 
antibody presentation level (Figure 2b) and the antibody 
genes were recovered by genomic PCR.

Selected MEDI-1912 variant VH genes were cloned into 
a soluble IgG1 expression vector harboring the original MEDI- 
1912 VL. These were expressed and were concentrated by ultra- 
filtration prior to analysis by DLS. In contrast to MEDI-1912, 
which precipitated above 1.8 mg/ml, all the selected variants 
could be concentrated to between 32 and 52 mg/ml (Table 2), 
with no evidence of precipitation at these concentrations, indi-
cating that the selected antibodies had higher solubility than the 
parental antibody. DLS also showed that the 5/6 of the selected 
antibodies had lower average particle size (Z-Ave) and less 

polydispersity (PDI) than the parental antibody MEDI-1912 
(Table 2), with 2 clones (P5_C06 and P5_F01) showing superior 
properties compared to MEDI-1912_STT.

This example demonstrates that it is possible to use mam-
malian display to select antibodies with improved biophysical 
properties from diverse libraries based on selection for high 
presentation levels.

Improving biophysical properties of a clinical candidate 
anti-PCSK9-humanized antibody by mammalian display

Bococizumab is an anti-PCSK9 antibody developed by Pfizer.21 

Bococizumab is derived from a humanized antibody (5A10i) 
that was affinity matured by phage display18 (Supplementary 
Figure 4a). It has been reported that the biophysical properties 
of bococizumab are not optimal, and it displays both self- 
aggregation and polyreactivity in a variety of assays.5 

Furthermore, it was found that 50% of patients developed anti- 
drug antibodies within a year of administration,11 contributing 
to termination of its development during a Phase 3 clinical 
trial.22 The crystal structure of bococizumab’s antigen-binding 
fragment complexed with PCSK9 has been determined,18 and 
this has shown the antibody binds to the catalytic domain of 
PCSK9 through both light and heavy chains, with the main 
contribution through VH CDR3.

The parental antibody 5A10i had superior biophysical proper-
ties compared to bococizumab (Table 3). Comparing the mam-
malian display levels of bococizumab with the parental 
humanized 5A10i, we observed reduced cell surface presentation 
of bococizumab (Supplementary Figure 4b), suggesting that it 
could be possible to restore the optimal biophysical properties of 
the parental molecule by creating a library of variants and select-
ing for high presentation levels on the mammalian cell surface 
while retaining target antigen binding. It is known that clusters of 
hydrophobic amino-acid residues within a polypeptide sequence 
can give rise to poor expression levels23 and poor biophysical 
properties.14,15 Similarly, positive charge patches on the antibody 
surface from neighboring lysine or arginine residues can also give 
rise to cross-interaction by nonspecific binding to cell-expressed 
negatively charged molecules such as heparin sulfate.24 Based on 
the crystal structure of bococizumab,18 a number of candidate 
paratopic and non-paratopic amino acids contributing to hydro-
phobic or positive charge patches were identified (Figure 3a). In 
particular, 2 residues in VH CDR2 (F54 and R57) that contributed 
to neighboring hydrophobic and positive charge patches, respec-
tively, were identified. In addition, a sequence alignment of boco-
cizumab VH with the parental 5A10i VH (Supplementary Figure 
4a) revealed that bococizumab VH CDR2 residues S52 and F54 
were introduced during the process of affinity maturation. 
A bococizumab VH library was created by randomizing S52, 
F54 and R57 in VH CDR2 with an oligonucleotide containing 
three NNS codons to create a library with a 32,768 and 8,000 DNA 
or protein variants, respectively.

Candidate problematic residues were also found within the VL 
(Y53, L94 and W95. Figure 3a, upper panel). From the co-crystal 
structure of bococizumab with PCSK9, these residues either 
directly interact with the target antigen or indirectly contribute 
to binding through allosteric interactions (for example, VL CDR3 
residue W95 appears to pack against VH CDR3 residues and may 
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Figure 2. FACS separation of the MEDI-1912 variants based on antibody presentation level. A. Histogram plot of HEK293 population targeted by nuclease-directed 
integration with an equal mix of MEDI-1912 parent and MEDI-1912 STT variants. Gates 1 and 2 represent the sorting gates used to sort the 2 populations. B. MEDI-1912 
mammalian display library was constructed based on mutagenesis of amino-acid position 30, 31 and 56. Cells were stained with anti-Fc-PE (x axis) and NGF-biotin 
/streptavidin-APC (y axis). The gate chosen for sorting is represented as a box on the dot-plot.
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maintain the VH CDR3 conformation for optimal binding to 
PCSK9). Mammalian display allows a search for binder variants 
with improved biophysical properties to extend even into variants 
involving paratopic residues by the construction of random 
libraries in these positions and simultaneous flow sorting for 
improved presentation and retained antigen binding. For these 
paratopic residues, a mutant library was created by randomizing 
VL positions 53, 94 and 95 by NNS oligonucleotide directed 
mutagenesis to enable selection for both presentation and retained 
antigen binding. It is interesting to compare the flow cytometry 
profiles of the library focussed on the non-paratopic VHCDR2 
(Figure 3b) with the library where paratopic residues have been 
mutated (Figure 3c) since it is apparent that there are clones within 
the latter library with reduced binding to PCSK9, as would be 
expected in a library that is randomizing paratopic residues.

Mammalian display selection combined with 
next-generation sequencing analysis to identify 
bococizumab variants with high cell display levels

The present study focusses on variants arising from the VH 
CDR2 mutant library presented in Figure 3b but as an example 
of VL CDR3 mutagenesis, the light chain variant library was 

subjected to fluorescent-activated cell sorting (Figure 3c) to 
identify those with retained PCSK9 binding and high display 
level. The clone 884_01_G01 with VL CDR3 sequence 
QQRYSDTRT (compared to QQRYSLWRT in bococizumab) 
was identified (in conjunction with a VH CDR2 sequence as 
found in germline IGHV1-46*01 (sequence is INPSGGST and 
is referred to as “NSS” variant based on the amino acids 
sequence found in the underlined positions). Supplementary 
Figure 6 shows that antigen binding is retained in clone 
884_01_G01 and the selected VL can confer additional biophy-
sical benefits on optimized VHs (not shown).

To identify bococizumab VH variants with improved cellular 
display levels, clones falling within the top 5% of IgG presenta-
tion level, with retained PCSK9 binding, were collected by FACS 
(Figure 3b) and VH genes were retrieved by genomic PCR. 
Following next-generation sequencing (NGS), 180,000 reads 
were generated from the input library and 245,960 reads from 
the output. The frequency of occurrence of the 20 different 
amino acids was calculated for each of the randomized positions 
(positions 52, 54 and 57) of bococizumab VH for both the input 
and output sequences. Supplementary Figure 5 compares the 
frequency of occurrence of each amino acid before and after 
enrichment by mammalian display. In all 3 mutated positions 
the original amino acid was depleted within the output popula-
tion relative to the input population (S52, F54 and R57). Across 
all positions, there was a deselection for hydrophobic amino 
acids F, W, Y, as well as the positively charged amino acid 
R. At position 54 and 57, there was a preference for D and E, 
while there was a preference for E, Q, N and I at position 52.

An analysis was carried out to identify enrichment of specific 
parings of amino acids at the target positions. With the “NNS 
mutagenesis strategy” used, some amino acids are encoded by 2 
codons (P, T, A, G) or 3 codons (L, R, S), and, as expected, these are 
over-represented both individually and particularly in pairwise 
combinations within the input population. This bias is removed 
in the output population. An enrichment factor was calculated by 
comparing the frequency of individual pairs in the input and 
output populations. From this, it is possible to identify 27 pairs 
of amino acids (Supplementary Table 2) that have been enriched 
by at least 10-fold in the output population compared with the 
input population. Examples of the most enriched sequences (>20- 
fold enrichment factors) include NEX, IDX, and QEX (named 
according to single amino-acid code for the mutant residues found 
at positions 52, 54 and 57). Of the 27 most enriched variants, 26 
(Supplementary Table 2) contained at least one negatively charged 
amino acid (E or D), and this was predominantly found at position 
54 as a F54E or F54D mutant. None of the enriched panel con-
tained a positively charged amino acid at positions 54 or 57.

The mutagenic strategy used targets 3 residues (“triplets”), 
replacing them with all 20 amino acids, potentially creating 
8000 amino-acid sequence variants. Setting a threshold of 
0.02% (representing 40 or more reads) for any individual 
sequence captures 97.8% of the total sequences, and this is 
represented by only 420 different sequences. Thus, a selection 
of the top 5% of clones by mammalian display based on surface 
presentation has enriched 5.3% of the possible sequence var-
iants. It is worthy of note that, whereas the parental VH CDR2 
sequence (ISPFGGRT) is found 295/180,000 times (0.16%) in 

Table 2. Biophysical properties of selected MEDI-1912 variants. Table shows the 
highest antibody concentration achieved by ultra-filtration (C-max). Dynamic light 
scattering measurements include the cumulant z-average size (Z-Av) and poly-
dispersity index (PDI).

Clone aa30 aa31 aa56 C-max (mg/ml) Z-Av (nm) PDI

P5_C06 T S R 52 13.8 0.06
P5_C11 P P N 42 24.8 0.13
P5_F01 T H T 48 13.5 0.04
P5_F07 N T L 44 18.9 0.11
P5_F12 D H L 38 15.5 0.11
P5_G12 H S L 32 16.4 0.10
MEDI-1912_STT S T T 53 14 0.05
MEDI-1912 W F L 1.4 23.2 0.15

Table 3. Biophysical properties of bococizumab VH CDR2 variant antibodies. The 
top 12 enriched bococizumab VH CDR2 variant antibodies were expressed and 
purified and tested in an AC-SINS assay, HPLC-SEC and a specificity ELISA. 
Antibody variants are named according to the amino acid identity at positions 
52, 54 and 57. Values shown are relative enrichment of clones in high mammalian 
display population, the AC-SINS wavelength shift (nm), the HPLC-SEC column 
retention volume (Vr (ml) in 2xPBS and an ELISA signal for binding to bovine 
serum albumin-blocked polystyrene microtiter plate wells.

CDR2 
sequence Clone name

Relative 
enrichment

AC-SINS 
(nm)

Vr 
(ml)

Specificity ELISA 
signal (RFU)

INPEGGIT NEI 69 5 1.49 30
IEPEGGHT EEH 65 4 1.49 190
INPEGGET NEE 32 4 1.48 320
IEPAGGET EAE 20 4 1.51 570
INPFGGGT NFG 17 18 1.53 1700
IMPVGGET MVE 16 4 1.50 30
IQPLGGDT QLD 15 5 1.50 580
IIPDGGQT IDQ 14 4 1.49 100
IAPEGGIT AEI 13 5 1.49 400
IIPDGGPT IDP 12 4 1.49 1900
IKPDGGST KDS 12 5 1.50 480
IEPTGGVT ETV 12 5 1.50 390
ISPFGGRT Bococizumab 

(SFR)
- 31 1.61 215,000

INPSGGRT 5A10i (NSR) - 5 1.49 140
N/A Alirocumab - 4 1.50 410
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the input sequences, it is found only once in the 247,000 output 
sequences. Variants of this sequence SFX and XFR were not 
found at all in the output sequences.

Mammalian display enables the identification of 
bococizumab variants with improved biophysical properties

Examination of the output sequences shows that there has been 
a significant enrichment for certain triplet sequences within the 

elite-selected population. The top 12 most enriched sequences 
along with controls (bococizumab, 5A10i and the clinically 
approved anti-PCSK9 antibody alirocumab) were expressed 
and purified. Clones are named according to the single letter 
amino-acid code found at the 3 mutated positions in VH 
CDR2. Hence, bococizumab is SFR (representing S, F and 
R at positions 52, 54 and 57, respectively).

Bococizumab VH residues chosen for random mutagenesis 
and selection are non-paratopic according to the complex 
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Figure 3. Engineering bococizumab by random mutagenesis of selected paratope residues. A. Structure of bococizumab bound to PCSK9 (PDB: 3SQO).18 Upper panel 
depicts PCSK9 as a yellow ribbon structure and bococizumab as a molecular surface with its hydrophobic, positive, and negative patches shaded green, blue and red, 
respectively. The lower panel depicts a zoomed in image of the VH region that was mutated. The left panels show wild-type bococizumab and the right panels show 
a model of the bococizumab VH variant S52N, F54S R57S. Dot plot of HEK293 cells displaying either B. the mutagenized VH library of bococizumab, or C. the 
mutagenized VH and VL bococizumab library stained with biotinylated PCSK9 (y-axis) and anti-human Fc PE (x-axis).
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structure (PDB:3SQO)18 Figure 3a). To test this, a panel of 
bococizumab VH variant antibodies were analyzed for binding 
to PCSK9 in an affinity capture enzyme-linked immunosorbent 
assay (ELISA) with limiting amounts of antigen alongside wild- 
type bococizumab and alirocumab. As shown in 
Supplementary Figure 6, all the variants tested resulted in 
equivalent affinity capture signal compared with bococizumab 
and alirocumab, indicating that the variants described here do 
not prevent target antigen binding, as predicted from the 
crystal structure. A more quantitative examination of affinity 
was carried out by surface plasmon resonance (SPR). In agree-
ment with previous reports (US patent: US 8399646 B2), an 
affinity of 590 pM was determined for the original humanized 
5a10i (Supplementary figure 11). The experiment revealed 
a reduction in the apparent affinity of the biophysically 
improved variant (NEE KD = 409 pM) when compared with 
the parental bococizumab (KD = 30 pM). This is surprising 
since, based on the crystal structure, all mutated residues were 
present in non-paratopic region of the antibody (see 
Discussion section).

A number of methods can be used to assess the nonspecific 
binding characteristics of the antibodies, including both high- 
performance liquid chromatography (HPLC)-SEC and binding 
to control proteins or surfaces. Polyspecificity ELISA showed 
significant binding of bococizumab to uncoated ELISA plates, 
whereas the selected clones did not (Table 3). HPLC-SEC 
showed that the selected antibodies behaved well, giving 
equivalent HPLC-SEC retention volumes as alirocumab and 
5A10i (Table 3). Bococizumab was retarded by HPLC-SEC 
(Figure 4), resulting in a delayed elution profile, due to non-
specific interaction with the column matrix. In summary, 
selection by mammalian display on the basis of presentation 
levels allows selection of variants with improved biophysical 
characteristics.

To directly study the effect of amino-acid substitutions of 
single, double and triple amino-acid variants of bococizumab, 
a series of sequence variants were prepared and tested. Figure 
4, Table 4 and Supplementary Table 3 allow a number of single 
amino-acid substitutions to be compared, and the results show 
that the presence of individual amino acids can have 

a detrimental effect. All variants with F54 have a poor affinity- 
capture self-interaction Nanoparticle Spectroscopy (AC-SINS) 
score and/or show retardation on the HPLC-SEC column 
(Figure 4, Table 4). For example, variants showing HPLC- 
SEC retardation include NFR, SFD and NFD (Supplementary 
Table 3). This can be partly compensated by single amino-acid 
substitutions. For example, SFR (bococizumab) shows more 
pronounced gel retardation compared with the SFD and NFD 
variants (Figure 4). The identity of individual amino-acid 
replacements can also have differential benefit and the bene-
ficial effects of individual amino-acid replacements can be 
combined to greater effect (e.g., F54D and R57D, Figure 4, 
Table 4).

AC-SINS provides a convenient assay for assessing self- 
interaction. Test antibodies are presented on a bead surface 
and their potential for avid self-interactions with antibodies 
presented on other beads is assessed.25 The reduction in inter- 
particle distance ensuing from interaction can be detected as an 
increase in plasmon wavelength of gold colloidal solutions. 
Therefore, AC-SINS provides a convenient technique for asses-
sing self-interaction. Mammalian display-selected antibodies 
gave good AC-SINS scores that were equivalent to scores 
achieved with alirocumab and 5A10i (Table 3). In contrast, 
bococizumab displayed a high AC-SINS wavelength shift, indi-
cating a propensity of this antibody to self-interact.

To further analyze the effect of higher concentrations on the 
propensity to self-react, bococizumab variants were expressed 
and purified at a larger scale. This set included the top 3 
enriched clones identified from the NGS analysis (NEI, EEH 
and NEE) (Table 5). The soluble expression yields of the 
mammalian display-selected clones NEI, EEH and NEE were 
all superior to bococizumab, and mutants that retained F54 
displayed reduced expression yields (Table 5). The mamma-
lian-display selected clones NEI, EEH and NEE were also well 
behaved up to the highest concentration (40 mg/ml in PBS) as 
judged by DLS in PBS with average particle sizes equivalent to 
alirocumab. In contrast, bococizumab displayed a propensity 
to self-aggregate, with a higher average particle size observed 
even at the lowest concentration of 1 mg/ml. Bococizumab 
variants that retained F54 displayed higher average particle 

Figure 4. HPLC-SEC analysis of bococizumab variants. Purified antibodies were loaded on a Superdex 200 column integrated in an Agilent 1100 HPLC instrument. 
Absorbance at 215 nm is plotted against elution volume for each antibody. In each plot samples are compared against the problematic bococizumab (labeled SFR) and 
the NDD variant, which is a well-behaved positive control. Samples are named according to amino acid substitution at positions 52, 54 and 57 within the VH CDR2. 
A. NFR, B. SFD, C. SDR, D. NFD E. NDR, F. SDD.
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sizes (Table 5). Interestingly, the NFR variant was less prone to 
self-interact at 30 mg/ml compared to bococizumab. This may 
be because the crystal structure of bococizumab shows that S52 
is involved in hydrogen binding with backbone residues to 
maintain the F54 exterior projection (Figure 3a).

Biophysically improved bococizumab variants generated 
by mammalian display exhibit lower immunogenicity

A correlation has been shown between aggregation propensity 
and immunogenicity for a number of proteins, and so the 
immunogenicity of bococizumab variants with improved solu-
bility was determined. The top two most enriched variants 
emerging from mammalian display selection (NEI and EEH) 
with 69- and 65-fold enrichment factors, respectively (Table 3), 
were chosen for immunogenicity assessment. Both NEI and 
EEH were well-behaved biophysically, compared with bococi-
zumab, showing a low propensity to self-interact as judged by 
AC-SINS (Table 3) and DLS (Table 5), and low polyreactivity 
by HPLC-SEC (Figure 4) and specificity ELISA (Table 3). SFD 
was chosen as an example of a variant with partly improved 
biophysical properties (Tables 4 and 5; Figure 4) and NSS 
(S52N, F54S, R57S) was chosen as an example of a clone 
where problematic residues were reverted to IGHV1-46*01 
germ-line residues. The variant with VH CDR2 NSS and the 
original VL had superior biophysical properties compared with 

bococizumab. Combining VH NSS with an improved VL 
selected by mammalian display (884_01_G01) displayed 
slightly faster HPLC-SEC elution time (Supplementary 
Table 3) and a lower non-specific ELISA score compared 
with the original VL sequence, indicating a lower level of 
polyspecificity (not shown). In addition, positive controls key-
hole lymphocyte hemocyanin (KLH) and alemtuzumab and 
negative controls trastuzumab, bevacizumab and alirocumab 
were also included. Using the Limulus Amebocyte Lysate 
(LAL) endotoxin assay, all antibodies were found to have low 
endotoxin levels (<1.0 EU/ml) acceptable for immunogenicity 
cell-based assays.

Immunogenicity was assessed using whole peripheral blood 
mononuclear cells (PBMCs), which contain both antigen- 
expressing cells (APCs), such as dendritic cells and CD4 + 
T cells. The APCs are able to phagocytize and process antigens 
and present peptide:MHC class II complexes to CD4 + T cells 
which, once activated, can be assayed for increased proliferation 
or activation marker up-regulation (e.g., CD69). This method 
has been previously applied to rank immunogenicity of 
antibodies.12,26–28 PBMCs from 10 haplotyped human donors 
(Supplementary Table 4) were used in this assay. Figure 5a shows 
the stimulation index (SI; a measure of Th cell proliferation plus 
antibody or antigen compared with a media only control (see 
Materials and Methods) for each individual donor as a dot plot. 
The majority of donor PBMCs responded, resulting in Th pro-
liferation, when stimulated by KLH, alemtuzumab and bococi-
zumab, as expected. In contrast, the mammalian display-selected 
bococizumab variants displayed a lower level of immunogenic 
response as judged by Th cell proliferation. To obtain an over-
view of the response across all 10 donors, a response index (RI) 
was calculated for each antibody and KLH where SI values were 
averaged across all donors and this was multiplied by the fre-
quency of donors responding (Figure 5b). The RI ranking is 
more comprehensive than examination of the individual donor 
SIs as it considers both the magnitude and the frequency of 
donor responses. NEI, the most enriched bococizumab variant 
by mammalian display, had a zero-RI, equivalent to trastuzu-
mab, bevacizumab and alirocumab. Interestingly, the immuno-
genicity RI of the bococizumab variants mirrored their 
biophysical properties: Bococizumab > SFD > NSS > 
884_01_G01 > EEH ~ NEI. Bococizumab variants with an 
increased propensity to self-interact or with polyreactivity 
tended to be more immunogenic in the Th proliferation assay. 
For comparison, the mean SI for all 10 donor samples is shown 
for each of the antibodies and KLH (Figure 5c).

The ability of the different antibodies to activate Th cells was 
also tested by measuring their ability to up-regulate various 
activation markers, including CD69, CD25, CD71 and CD40-L 
(Figure 6). Bococizumab was shown to up-regulate CD69, 
CD71 and CD40-L for the majority of donors and CD25 for 
a sub-set of donors. In contrast, the most enriched by mam-
malian display selection displayed no up-regulation of the 4 
activation markers tested. The bococizumab variant with partly 
improved biophysical properties, SFD, showed up-regulation 
of both CD71 and CD40-L. The bococizumab NSS variant also 
showed up-regulation of CD71 and CD40-L, and this was 
reduced when combined with a light chain variant with the 
Y53H, L94D, W95T mutation (clone 884_01_G01).

Table 4. Elution profiles of point mutations on HPLC-SEC. Retention volume for point 
mutations was calculated and compared to the elution volume of the well-behaved 
“NDD” clone. The difference in elution volume compared to “NDD” was calculated and 
the volume for bococizumab was designated as 100%. The relative percentage 
change in elution volume of the variants compared to bococizumab is shown.

Antibody ID Sequence
Retention volume 

(mL)
Percentage 

change

SFR (Bococizumab) ISPFGGRT 1.61 100
(a) NFR – N – – – – – – 1.58 70
(a) SFD – – – – – – D – 1.55 40
(a) SDR – – – D – – – – 1.54 30
(a) NFD – N – – – – D – 1.54 30
(a) NDR – N – D – – – – 1.52 10
(a) SDD – – – D – – D – 1.51 0
NDD – N – D – – D – 1.51 0

Table 5. Post-purification yields and DLS scores of bococizumab VH CDR2 variant 
antibodies at different concentrations. The yields of selected antibodies is 
expressed as the yield of antibody (mg) per liter of expression culture volume 
(yield calculated following expression, Protein A affinity chromatography and 
dialysis . Antibodies were concentrated by ultra-filtration and the particle size 
measured by DLS using a Malvern Zetasizer Nano S. The Z average (the intensity 
weighted mean hydrodynamic size of the ensemble collection of particles) (Zav) 
was measured at 1, 10 or 40 mg/ml antibody concentrations (*with the exception 
of the NFR variant, which was measured at 30 mg/ml).

Antibody
Expression yield (mg/ 

L)
Zav (1 mg/ 

ml)

Zav 
(10 mg/ 

ml)

Zav 
(40 mg/ 

ml)

NEI 198 12.0 11.2 14.2
EEH 198 11.2 11.9 15.2
NEE 190 13.4 12.1 15.1
NFD 158 13.5 12.9 17.7
SFD 124 12.5 13.9 20.6
NFR 39 13.3 17.6 21.9*
SFR 

Bococizumab
69 20.4 22.4 41.3

Alirocumab 50 14.0 13.5 16.1
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In silico bococizumab CD4 T cell epitope mapping

We have shown that the mammalian display-selected bococizu-
mab variants with improved biophysical properties also have 
lower immunogenicity compared to bococizumab as judged by 
human Th cell proliferation and activation marker assays. We 
were interested in investigating if the amino acid changes intro-
duced within the bococizumab VH and VL chains also affected 
HLA class II restricted T cell epitopes that may be involved in the 
production of anti-drug antibodies.29 The in silico human HLA- 
DR MHC class II T cell epitopes with the bococizumab VH and 
VL chains were mapped using the Immune Epitope Database 
(IEDB) resource30 recommended method, which predicts CD4 

T cell immunogenicity at the population level using 7 HLA class 
II alleles.31,32 The top 2 VH CD4 T cell epitopes, based on the IEDB 
CD4 T cell immunogenicity scores (http://tools.iedb.org/ 
CD4episcore/),31are located at the CDR2/FW3 and FW3/CDR3 
boundaries (Supplementary Figure 8A). These epitopes are located 
outside of the bococizumab VH residues targeted by mutagenesis 
here (S52, F54 and R57). The top IEDB predicted non-germ-line 
bococizumab VL CD4 T cell epitopes were shown to be located in 
the regions aa41-65 and aa81-95 covering VL CDR2 and CDR3 
(Supplementary Figure 8B). Thus, although all variants tested had 
a predicted immunological epitope in the light chain, changes in 
the partner heavy chain, which reduced overall aggregation, 
resulted in reduced immunogenicity. This suggests that the 

A

B C

Hem
ocy

an
in

Alem
tu

zu
m

ab

Boco
ciz

um
ab SFD

NSS

88
4_

01
_G

01
EEH

NEI

Alir
ocu

m
ab

Tr
as

tu
zu

m
ab

Bev
ac

izu
m

ab
0

2

4

6

R
es

po
ns

e 
In

de
x

Hem
ocy

an
in

Alem
tu

zu
m

ab

Boco
ciz

um
ab SFD

NSS

88
4_

01
_G

01
EEH

NEI

Alir
ocu

m
ab

Tr
as

tu
zu

m
ab

Bev
ac

izu
m

ab
0

2

4

6

M
ea

n 
S

tim
ul

at
io

n 
In

de
x

Hem
ocy

an
in

Alem
tu

zu
m

ab

Boco
ciz

um
ab SFD

NSS

88
4_

01
_G

01
EEH

NEI

Alir
ocu

m
ab

Tr
as

tu
zu

m
ab

Bev
ac

izu
m

ab
0.25

0.5

1

2

4

8

16

32

S
tim

ul
at

io
n 

In
de

x

D1

D2

D3

D4

D5

D6

D7

D8

D9

D10

Figure 5. Induction of proliferation of CD4 + T cells by bococizumab and bococizumab variants selected by mammalian display. A. PBMCs from 10 individual haplotyped 
human donors (labeled D1 to D10) were labeled with CFDA-SE. After 8 days the cells were analyzed with an iQue screener flow cytometer (Intellicyt) where the viable singlet 
CD3+ CD4+ gated cells (see Supplementary Figure 7 for gating strategy) were analyzed for CFSE mean fluorescence intensity (MFI). The dot plot (A) shows the stimulation 
index (SI) for each donor. The SI was calculated by the average percentage of divided cells (% of parent) plus antibody or KLH divided by the average percentage of divided 
cells in the media only control samples. B. The average response index (RI) is calculated by averaging SI values across donors and multiplying by the percentage frequency of 
donors responding (p < .05 SI≥2). RI could not be calculated for Trastuzumab, Bevacizumab, Alirocumab and NEI due to a lack of samples meeting positive hit cut off criteria. 
C. Mean SI for all 10 donors for each antibody or antigen used for stimulation.
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mammalian display-selected bococizumab variants, such as NEI, 
with a wild-type VL, may derive their low immunogenicity not by 
mutation of their T cell epitopes, but by a reduction in their 
inherent propensity to aggregate.8,9

Screening for polyreactivity by mammalian display

Two anti-IL12 antibodies with differing polyreactivity profiles 
were identified in the study by Jain et al.5 Ustekinumab (which 
was approved to treat psoriasis and Crohn’s disease) was con-
sidered to be well-behaved regarding its biophysical properties, 
whereas briakinumab (which did not progress beyond Phase 3 
clinical trials) was shown to be polyreactive in several assays, 
including a baculovirus viral particle (BVP) ELISA, 
a polyspecificity reagent assay, a multi-antigen binding ELISA, 
and had a longer retention time by cross-interaction 
chromatography.24 In addition, briakinumab showed 
a propensity for self-interaction by AC-SINS. In Phase 1 clinical 
trials, the median half-lives of ustekinumab and briakinumab 
were 21 and 8 days, respectively,33 indicating a faster clearance 
in vivo of briakinumab. Schoch et al.34 also demonstrated that 
briakinumab possessed a positive charge patch within its variable 
domain, and this enhanced its binding to FcRn at neutral pH.

Polyreactivity screening of antibodies has previously been per-
formed with yeast display using polyspecificity reagent probes, 
including soluble membrane or cytoplasmic extracts from mam-
malian (HEK293) or insect (Sf9) cells35,36 or with chaperones.37 

To investigate whether mammalian display could differentiate 
between antibodies with different polyreactivity profiles, briaki-
numab and ustekinumab were investigated in the mammalian 
display system. There was a modest difference in presentation 

level between the antibodies. We found, however, that cells 
expressing ustekinumab could be distinguished from cells expres-
sing briakinumab based on the extent of heparin sulfate binding 
(Figure 7a). This nonspecific binding likely occurs through posi-
tively charged patches in the CDRs of briakinumab.34,38 

Chaperone proteins represent further polyreactivity probes, 
which may be used as non-target molecules for de-selecting poly-
specific binders. Chaperones are functionally related and assist in 
protein folding. In particular, heat shock proteins are overex-
pressed in stressful conditions such as high temperature. Most 
chaperones are also abundantly expressed in normal cells where 
they recognize and bind non-native proteins thus preventing 
aggregation. HEK293 cells displaying briakinumab or ustekinu-
mab were tested for binding to Hsp70 and Hsp90. Figure 7b and 
c show overlays of ustekinumab and briakinumab double-stained 
with anti-human Fc PE and heat shock proteins (Hsp70 and 90, 
respectively) conjugated with DyLight 633. This demonstrates the 
potential to combine separation based on presentation level with 
binding to “polyreactivity probes” such as heparin sulfate and heat 
shock proteins.

Discussion

Mammalian display has previously been used for discovery and 
affinity maturation of proteins based on their binding proper-
ties. Here, we demonstrate that mammalian display can also be 
used to select for proteins with superior biophysical character-
istics based on display level achieved. Aggregation propensity 
and polyreactivity are two important aspects of the biophysical 
properties of a protein6 that can affect the extent to which they 
can be developed into a drug (“developability”).

Figure 6. Up-regulation activation markers on CD3+ CD4 + T lymphocytes by bococizumab and bococizumab variants selected by mammalian display. PBMCs from 10 
individual haplotyped human donors (labeled D1 to D10) were incubated with different antibodies or KLH. After 8 days, the cells were stained with anti-CD3, anti-CD4, 
TO-PRO™ −3 and either A. anti-CD69, B. anti-CD25, C. anti-CD71 or D. anti-CD40L and analyzed by flow cytometry. SI was calculated by the percentage of marker positive 
cells plus antibody or KLH divided by the percentage of marker positive cells in the media only control sample.
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It is clear that a total focus on engineering antibodies to 
improve affinity can lead to introduction of residues that can 
cause biophysical problems, as evidenced by several examples, 
including bococizumab and MEDI-1912. Developability pro-
blems, which often only emerge at higher concentrations, can 
occur in antibodies from any platform including immunised 
animals.5 The total antibody concentration in serum is 
10–15 mg/ml and represents millions of different antibodies. 
Thus, there is no selective pressure within the immune system 
to generate individual antibodies with optimal biophysical 
properties, and it cannot be assumed that antibodies arising 
from immunization will be free from problems.

Aggregation propensity and polyreactivity are closely related, 
and Dobson et al.14 have shown that a small number of amino- 
acid changes can simultaneously reduce aggregation and poly-
reactivity with a consequent increase of in vivo half-life.14 

Aggregation may occur due to association of non-native protein 
conformations arising from unfolding, which in turn can be 
related to the stability of the protein. Where proteins are inher-
ently unstable, melting temperature may be used to compare 
protein stability. Aggregation, however, may also occur with 
relatively stable native proteins through self-association and 
this may become more apparent as the protein concentration is 
raised. Thus, it is possible that proteins of similar sequence may 
be judged to be stable based on melting temperature, but one 
variant may be prone to aggregation while the other is not. 
Nonspecific interactions with proteins other than the target 
molecule are also a significant consideration in drug develop-
ment, since this can adversely affect the specificity and perfor-
mance of the drug. It has been shown that the in vivo half-life of 
antibodies can vary significantly between antibodies.39 If an 
administered drug is drawn into a “sink” of nonspecific binding 
interactions with non-target components, it will be less available 
for binding to its target molecule and may have a reduced ability 
to reach or penetrate a target tissue or site of pathology.

The tendency to associate with self and with other proteins 
may be attributable to clustered hydrophobic or charged amino- 
acid residues on the surface of a protein molecule driving non-
specific interactions. For example, an antibody molecule may 
exhibit binding to negatively charged surfaces or molecules carry-
ing a net negative charge (at neutral pH), such as the negatively 
charged backbone of DNA, or other negatively charged polymers 

such as heparin or heparan sulfate. Interactions with hydrophobic, 
negatively charged or positively charged surfaces may lead to 
a class of nonspecific interactions with other (non-target) mole-
cules, particularly at higher concentrations. From this analysis one 
can see that the factors causing aggregation to self can also drive 
nonspecific interactions to other proteins. Equally there may be 
situations were self-aggregation is limited while polyreactivity 
occurs. Figure 7 demonstrates modest differences in the display 
level between briakinumab and ustekinumab, although nonspe-
cific binding to Hsp70, Hsp90 and heparin sulfate are significantly 
worse for briakinumab. Thus, it may be possible to enrich clones 
on the basis of display level in combination with binding to 
specific and nonspecific targets. Nonspecific interactions are 
a critical consideration in drug development since they can 
adversely affect the performance, specificity, in vivo distribution 
or half-life of drug molecules.24,34,38,39

A number of factors contribute to the success of mammalian 
display in selecting for developability. We previously described the 
benefit of nuclease-directed integration to overcome this problem 
of constructing large libraries in mammalian cells while inserting 
only a single gene per cell enabling efficient gene selection on the 
basis of the encoded binding characteristics. The same benefit 
applies to selections based on antibody presentation levels. 
Furthermore, in contrast to random integration approaches (e.g., 
using lentiviral-40–42 or transposase-43 mediated integration), tar-
geting of the antibody gene to a single genomic locus through 
nuclease-directed integration has an additional benefit when using 
display level as a “read out” since such targeted integration effects 
transcriptional normalization and so observed differences in dis-
play level arise from the properties of the antibody itself rather 
than variation in transcriptional activity.

Why is there a relationship between biophysical properties and 
display level? We have shown that very high densities can be 
achieved on the cell surface with 500,000 or more protein copies 
on the cell surface achieved for a well-behaved antibody, and so we 
can calculate a theoretical concentration at the cell surface. If we 
assume for the sake of this example that a suspension HEK293 cell 
is a sphere, we can estimate the volume occupied by an antibody 
on its surface. For a spherical HEK293 cell with a radius (r) of 10 
microns44 (r = 10,000 nm), the cell volume can be calculated from 
the formula 4/3πr3 = 4.18 r3. An antibody has a height of 10 nm 
and will be present in a larger sphere of volume 4.18(r + 10 nm)3. 
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Figure 7. Screening for polyreactivity by mammalian display. Dual staining with (a) Heparin-FITC, (b) Hsp70 or (c) Hsp90 (x-axis) and anti-human Fc APC (y-axis). Dot 
plots showing overlay of ustekinumab (gray) and briakinumab (black). Gate within the overlay plots indicates the cells to be high expressers and non-binders to heparin 
or Hsp proteins.
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Thus, the volume occupied by the antibody is the difference 
between the volume of the cell and the larger sphere occupied by 
the antibody. With the above assumptions and using the example 
of 700,000 copies per cell (as found with ustekinumab), 
a concentration on the cell surface of 13.9 mg/ml is calculated 
(see Supplementary Figure 9). We conclude therefore that mam-
malian display forces the library members through 
a concentration “bottleneck” on the cell surface. The quality con-
trol machinery of the cell will remove aggregated complexes from 
the cell surface, resulting in lower presentation levels.45–47 An 
additional possibility is that the antibodies are presented at high 
concentration with the complex milleu of proteins on the mam-
malian cell surface and antibodies prone to polyreactivity form 
complexes with other proteins that are also removed by the cellular 
quality control machinery. Indeed, Dobson et al.14 use binding to 
HEK293 cells as a polyreactivity screen for MEDI-1912.

Based on surface presentation, yeast display was found not to 
differentiate between antibodies with different biophysical char-
acteristics as well as mammalian display. This was illustrated by 
comparing the presentation levels of Ang2mAb13 and 
MEDI191214 and their optimized daughter molecules. 
A substantial difference between the two systems is that antibodies 
presented by yeast display are in fact anchored to the cell wall (via 
fusion to the Aga2 protein, which is disulfide bonded to the cell 
wall via Aga148), whereas the antibody is anchored to the cell 
membrane by mammalian display, which might be considered 
a more dynamic situation than occurs on the cell wall. Dupres 
et al49 have measured the yeast cell wall as 115 nm is depth, while 
an antibody is approximately 10 nM. Thus, in the cell wall the 
antibody occupies a greater volume and at a lower concentration 
than an equivalent surface density presented directly on the cell 
surface (Figure 1c, f). Furthermore, aggregation-prone antibodies 
may benefit from linkage to a hydrophilic matrix. Thus, although 
graphical representations of yeast display often suggest that the 
antibody is fused to the cell membrane, the antibodies are in fact 
presented within a 3-dimension hydrophilic matrix, which may be 
a less dynamic environment. Dupres et al.49 state that “In yeast, 
cell walls are made of a microfibrillar array of β-1-3 glucan and 
β −1-6 glucan chains, overlaid by manno-proteins, implying they 
are much stronger and stiffer than the glycocalyx of mammalian 
cells”. The embedded nature of the display system is underlined by 
McMahon et al.50 who show that staining efficiency by yeast 
display is related to the molecular weight of the probe and can 
be improved by adding linkers of up to 600 amino acids to the end 
of the displayed molecule. In contrast, mammalian display 
anchors the antibody directly to the cell membrane.

The availability of the structure of the complex of bococizu-
mab:PCSK9 enabled a strategy of targeting non-paratopic resi-
dues. It was observed, however, that residues outside the antigen 
binding site and clearly identified as contributing to aggregation 
and polyreactivity increase the apparent affinity for target. In an 
analysis of macromolecular binding by SPR, Schuck et al.51 state 
that “the presence of low-affinity, non-specific surface sites, even 
if not specific and clearly distinct from sites of interest will 
therefore impact mass transport”. Thus, possible reasons for 
the contribution of non-paratopic residues to an apparent 
increase in affinity include nonspecific interactions having an 
effect on mass transfer. An examination of this effect is beyond 
the scope of this study, but highlights that an unrelenting focus 

on affinity values, to the exclusion of other factors, may lead 
maturation campaigns toward antibodies “benefitting” from the 
contribution of such problematic residues (exemplified here by 
bococizumab, MEDI1912 and briakinumab).

Bococizumab has been reported to be immunogenic and to 
induce anti-drug antibodies (ADAs) upon administration to 
humans. In a 4000 patient clinical trial, administration of bococi-
zumab via subcutaneous injection was associated with the devel-
opment of ADAs.11 At 12 weeks post administration of 
bococizumab, 48% of patients had detectable levels of ADAs, 
and of these 29% had high titer neutralizing ADAs, which resulted 
in a loss of efficacy with significant attenuation in the reduction of 
the total LDL cholesterol.11 The relationship between the propen-
sity of therapeutic biologics, including antibodies, to self-interact 
and aggregate with their immunogenicity in vivo has been high-
lighted and reviewed by Ratanji et al.8 and Moussa et al.9 For 
example, biologics such as growth hormone, interferons and 
antibodies containing a greater proportion of aggregates are 
known to be more immunogenic. This may be because of the 
increased avidity of multivalent aggregates driving binding to 
dendritic cells via their surface-displayed innate receptors, result-
ing in their increased cellular update, antigen processing and 
increased peptide/MHC complex display. The multivalent aggre-
gates may also directly stimulate B cells via specific B cell receptors 
to a greater extent than monomeric antibodies due to their avidity.

Walsh et al.28 have shown a good correlation between clin-
ical immunogenicity and in vitro immunogenicity assays mea-
suring T cell activation and proliferation in PBMCs. Using 
such assays, we confirm the immunogenicity of bococizumab. 
Importantly we see significantly reduced immunogenicity 
within the panel of variants with improved biophysical proper-
ties. In silico assessment of immunogenicity suggest that the 
immunogenic epitopes, extending into the antibody light 
chain, are distinct from the regions in the heavy chain, which 
were modified to improve biophysical properties. Therefore, 
changes in one region that affect aggregation propensity also 
affect the immunogenicity of different residues, including the 
predicted immunogenic epitopes within a partner chain.

In summary, libraries encoding millions of protein variants 
can be constructed in mammalian cells by nuclease-directed 
integration. Normalized transcription coupled with high- 
density protein presentation on the cell surface enables selection 
for library members with optimal biophysical properties. In 
addition to improving the developability of candidate proteins 
during pre-clinical development, the improved solubility has the 
potential to reduce clinical immunogenicity of candidate drugs. 
Thus, mammalian display addresses developability issues during 
the earliest stages of lead discovery and significantly reduces the 
risk of expensive, late-stage failure in drug development.

Materials and methods

Mammalian display targeting vector and MEDI1912 
library construction

Mammalian display HEK293 cell lines were generated by nuclease 
mediated gene integration using the bicistronic targeting vector 
pINT17-BSD described previously.7 Synthetic genes encoding the 
antibody VH and VL genes, flanked by NcoI/XhoI and NheI/NotI 
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restriction enzyme, respectively, were synthesized by IDT (Leuven, 
Belgium) and cloned into pINT17-BSD to create individual anti-
body display targeting vectors. A library of MEDI1912 VH var-
iants was created by PCR assembly mutagenesis targeting three 
codons (W30, F31 and L56). Three PCR products were amplified 
from the VH template (see Supplementary Figure 10 for template 
sequence) using KOD polymerase (71086–3, Merck) according to 
the manufacturer’s instructions: VH1 (95 base pair (bp)) with 
primers MEDI-1912-F3 (CCATGGCCCAGGTTCAGCTG) and 
MEDI1912_W30NNS_F31NNS (CTGTCGGACCCATGTAA 
AGGCGCCSNNSNNAAAGGTGCCGCCGCTTGCTTTGCA); 
VH2 (102 bp) with primers MEDI-1912-F (GGCGCCTTTACA 
TGGGTCCGACAG) and MEDI-1912_L56NNS (CTGGAAGT 
TCTGGGCCAGATTGGTSNNGCCGAAGATAGGGATGAT-
GCCGCC); VH3 (213 bp) amplified with primers MEDI-1912-F2 
(ACCAATCTGGCCCAGAACTTCCAG) and MEDI-1912-R 
(ACTCGAGACGGTGACCATTGTG). The three PCR products 
(VH1, VH2 and VH3) listed above were combined (10 ng each) 
and assembled in a PCR reaction with outer primers MEDI-1912- 
F3 and MEDI-1912- R using KOD polymerase. The PCR product 
was digested with Ncol and Xhol and ligated with NcoI/XhoI 
digested plNT17- MEDI-1912 (plNT17-BSD harboring the VL 
of MEDI1912). This ligation mix was then transformed into 
E. cloni® 10 G elite electrocompetent cells (60061–1, Lucigen) to 
yield a library size of 1.1 × 106. The transformant plates were 
scraped and 2 OD600 units used to inoculate 50 ml Circlegrow 
media with 50 μg/ml kanamycin. The culture was then grown 
4 hours at 37°C in a 250 ml baffled flask and midiprep plasmid 
DNA prepared (plNT17- MEDI-1912-library).

Bococizumab library construction

A bococizumab VH library was created where the S52, F54 and 
R57 codons were randomly mutated by PCR assembly mutagen-
esis. A 162 bp PCR product was created with primers 3152 
(TTTTTTGCCATGGCCCAGGTTCAG) and 3150 (GATCTCG 
CCCATCCACTCAAG) with VH plus stop codon template (see 
Supplementary Figure 10 for sequence) using Platinum SuperFi 
(12359010, Merck according to the manufacturer’s instructions). 
An adapter PCR was then performed on the PCR product with 
primers 3152 and 3149 (CTTGAACTTCTCGTTGTAGTTGGTS 
NNGCCGCCSNNTGGSNNGATCTCGCCCATCCACTCAAG) 
to yield a 204 bp product. This was then PCR assembled with 
a second 183 bp PCR product (created by amplification from the 
bococizumab VH template with primers 3151 (ACCAACTACA 
ACGAGAAGTTCAAG) and 3153 (ACTCGAGACTGTCACG 
GTGG)) with primers 3152 and 3153 to yield a 363 bp product. 
This product was then digested with NcoI and XhoI and ligated 
with pINT17-BSD harboring the bococizumab VL gene and the 
ligation mixed used to transform E. Cloni cells to give a library of 
7.1 × 105 clones and plasmid DNA prepared as described above. 
A bococizumab light chain library to mutate positions VL Y53, 
L94 and W95 was also created by assembly PCR. Here, two PCR 
products were generated using the VL template gene 
(Supplementary Figure 10) with primers 3071 (TTTTTTGCTA 
GCGACATCCAGATG) and 3069 (CTGGGCACGCCGGTGT 
ATCTSNNGCTGGCGCTGTAGATCAGCAG) and primers 
3073 (AGATACACCGGCGTGCCCAG) and 3070 (GTGCCC 

TGGCCAAATGTCCGSNNSNNAGAGTACCGCTGCTGGCA-
GTAG) with sizes 191 bp and 146 bp products, respectively. The 
two inserts were then PCR assembled with primers 3071 and 3075 
(AAAAAAGCGGCCGCGGTACGCTTGATTTCCAGCTTGG-
TGCCCTGGCCAAATGTCCG) to give a 353 bp insert, digested 
with NheI/NotI and cloned into pINT17-BSD harboring an 
equimolar ratio of the bococizumab six VH variants (Y33A; 
Y33D; S52,F54N,R57S; Y33A,S52,F54N,R57S; Y33D,S52,F54N, 
R57S and wild-type) and a library of 1.2 × 105 variants created as 
described above.

Modeling hydrophobic and charge patches
The Protein Data Bank structure of bococizumab bound to 
PCSK9, 3SQO18 was prepared with the QuickPrep application 
in MOE 2019.0102.52 The Protein Patches application identified 
the hydrophobic patches by determining the surface regions 
with a partition coefficient hydrophobicity potential as high as 
a methyl group sustained over a surface area greater than 50 Å2 

Positive and negative charge patches were identified as regions 
with excess force-field charge sustained over an area of at least 40 
Å2 The Protein Builder within MOE was used to build the 
bococizumab VH variant S52N, F54S, R57S by mutating each 
of the three residues, repacking their sidechains by searching 
a rotamer library for the lowest energy conformers, and energy 
minimizing the mutation sites with the Amber10 force-field.

Creation of antibody mammalian display HEK293 cell lines 
and libraries, flow cytometry, FACS and copy number 
determination

The creation of HEK293 or CHO antibody display cells lines was 
performed by TALEN mediated gene integration and Maxcyte 
STX electroporation, as described previously7 except that CHO 
transfection used the Maxcyte STX CHO electroporation settings. 
The MEDI-1912 and bococizumab IgG HEK293 display libraries 
were created by the electroporation of 1 × 108 HEK293 cells per 
library. Blasticidin (BSD) selection (7.5 μg/ml) commenced 2 dpt, 
anti-Fc MACS enrichment of antibody displaying cells was per-
formed 6 dpt7 and gene targeting efficiency was calculated by 
dilution plating and counting BSD-resistant colonies. Cells were 
stained with anti- Fc-PE (BioLegend, Cat. No. 409304) and NGF- 
biotin (256-GF-100, R&D Systems) or PCSK9-biotin (PC9- 
H82E7, AcroBiosystems) and Streptavidin-APC (405207, 
Biolegend), flow cytometry performed with an iQue screener 
(Intellicyte) and analyzed with FlowJo software (BD). FACS was 
done using a BD Influx High-Speed Cell Sorter (Becton, 
Dickinson). To enable copy number quantitation the Quantum 
Simply Cellular (QSC) microspheres kit (815, Bangs laboratories, 
Inc.) was used with a mix of one blank and four bead populations 
with increasing amount of Fc-specific capture antibody (goat anti- 
mouse IgG). QSC beads were stained with anti-Fc-PE, analyzed by 
flow cytometry and mean fluorescence intensity calculated for 
each bead population to enable a standard curve to be plotted 
(Supplementary Figure 3).

Antibody gene retrieval and NGS

Antibody gene retrieval from FACS-enriched mammalian dis-
play populations was performed by genomic DNA extraction 
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and nested PCR.7 VH genes were amplified by PCR and NGS 
performed using the Illumina Miseq and analyzed with the 
Geneious Biologics online software (Aukland, New Zealand) 
as described previously.7

Yeast display and flow cytometry
Selected antibody VH and VL genes were cloned into the 
SfiI/NotI and NcoI/AscI restriction sites, respectively, of 
the pYD1-Gal yeast display vector.20 Ligated DNA was 
used to transfect E. coli DH5a, plated onto LB-Amp plates, 
individual colonies picked, plasmid DNA prepared and 
clones DNA sequence confirmed. Final constructs were 
transformed into S. cerevisiae EBY100 and transformants 
selected on minimal medium for tryptophan 
prototrophy.53 For yeast display induction, a starter cul-
ture was grown into 10 ml SDCAA medium in a sterile 
125-ml flask (Corning disposable/filter vent) at 280 rpm, 
30°C to a achieve a cell density of 5 to 10 OD600/ml. The 
yeast cells were centrifuged at 3000 g, 5 minutes and 
resuspended in 10 ml SG/RCAA. The culture was grown 
in 125-ml flask at 30°C at 240 rpm for 36 h. Staining of 
the induced yeast cells and flow cytometry analysis was 
performed as described above.

Polyreactivity screening by mammalian display

For polyreactivity screening HEK293 cells (2.5 x 105) display-
ing either briakinumab or ustekinumab IgG were stained with 
anti-Fc-PE (BioLegend, Cat. No. 409304) and either Heparin- 
FITC (9 μM, Creative PEGWorks), or Hsp70 (10 μg/ml, 11660, 
Sino Biological) or Hsp90 (10 μg/ml, AP-160-050, R&D sys-
tems) labeled with DyLight 633 (according to the manufac-
turer’s instructions (46414, Thermo).

IgG expression and purification

Antibodies were expressed by transient transfection of Expi293 
cells (A14635, ThermoFisher) according to the manufacturer’s 
instructions. Cell culture supernatants were harvested by cen-
trifugation (2000 g, 20 minutes, 4°C) and filtered through 
a 0.45 μm filter. Protein A sepharose (PC-A100, Generon), 1/ 
10 volume 10xPBS added, slurry (0.4 ml, 50% slurry per 40 ml 
culture supernatant) added mixed end-over-end for 1 hour in 
50 ml falcon tube. The slurry with bound antibody was har-
vested by centrifugation (200 g, 5 minutes), transferred to 
a Proteus “1 step batch” spin column (NB-45-00058-2, 
Generon), column washed 2 × 10 ml 2xPBS and eluted with 
four column volumes of 0.2 M glycine (pH2.6). The eluate was 
immediately neutralized with 1/3 volume 1 M Tris-HCl (pH8). 
Purified antibodies were desalted by dialysis against PBS 
(pH7.4). Antibody concentrations were calculated from their 
absorbance at 280 nm.

Capture ELISA

The capture ELISA protocol was as described previously7 

except that PCSK9-biotin (PC9-H82E7, AcroBiosystems) was 
used as the antigen probe at a concentration of 0.1 nM.

AC-SINS

AC-SINS was essentially as described by Liu et al.,25 with 
the following modifications. Polyclonal goat anti-human 
IgG Fc antibodies (109–005-098, Jackson 
ImmunoResearch) and goat nonspecific antibodies (005–-
000-003, Jackson ImmunoResearch) are buffer exchanged 
using Zeba Columns (89882, ThermoFisher Scientific) into 
20 mM sodium acetate (pH 4.3), followed by concentration 
normalization to 0.4 mg/mL. A cocktail of the two anti-
bodies is made using 20% of the nonspecific antibody, and 
80% of the Fc-specific antibody and this cocktail added to 
gold nanoparticles (AuNP) (diluted 0.67 fold in milliQ 
grade water) in a 9:1 ratio. After room temperature incuba-
tion for 1 h, thiolated PEG (final concentration 0.1 μM, 
729140, Sigma) is used to block empty sites on the AuNPs. 
These coated and blocked particles are stable in the coating 
solution at 4°C for up to 1 week. The AuNP are then 
centrifuged at 10,000 g for 10 minutes at 4°C, with 95% 
of the supernatant removed and further centrifuged at the 
same conditions. The final AuNP are resuspended in 1/10th 
of the starting volume in PBS (pH7.4). Ten μl are added to 
each well of a polypropylene 96-well plate (containing 
100 μl of test antibody, either in supernatant or purified 
in PBS). The plate is incubated for 1–2 hours at room 
temperature on a shaking platform set to 700RPM. The 
contents (100 μl) are transferred to a clear 96-well poly-
styrene UV transparent plates (3635, Corning). Absorbance 
data were collected from 450 to 650 nm in increments of 
1 nm using a BMG Pherastar instrument. A macro (kindly 
provided by the Tessier Lab, University of Michigan) is 
used to identify the maximum absorbance, smooth the 
data, and fit the data using a second-order polynomial. 
The smoothed maximum absorbance of the average blank 
(PBS alone) is subtracted from the smoothed max absor-
bance of the antibody sample to determine the antibody 
AC-SINS score.

DLS and HPLC-SEC

Purified antibodies were concentrated by ultra-filtration and 
Dynamic light scattering measurement were performed with 
a Nano S DLS (Malvern Instruments, Malvern, UK) on sam-
ples and PDI and the cumulant (or z-average) size (Zav) 
calculated using the zetasizer software (Malvern Instruments, 
Malvern, UK). For HPLC-SEC, purified antibodies were loaded 
onto a Superdex 200 Increase 5/150 column at a flow rate of 
0.25 ml/min using an Agilent 1100 HPLC instrument.

Human Th CD4+ proliferation assays and data analysis
All samples (apart from KLH and medium only) were 
tested for endotoxin levels by a LAL test (88282, Thermo 
Fisher) prior to assay setup and were found to be within 
the acceptable limit (<1 EU/mL). The human Th CD4+ 
proliferation assay method followed that described by 
Jones et al.54 PBMCs were sourced from Bioivt (Burgess 
Hill, UK) and haplotyped by MC Diagnostics (Saint Asaph, 
UK) by locus specific PCR followed by hybridization to 
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sequence-specific oligonucleotide probes (Supplementary 
Table 4). PBMCs were purified from buffy coats using 
Lymphoprep (07851, STEMCELL Technologies, 
Waterbeach, UK) and all donors were depleted of CD8 + 
T cells using RosetteSep™ human CD8 depletion cocktail 
(15623, STEMCELL Technologies) as per the manufac-
turer’s instructions. PBMCs were frozen in 10% dimethyl 
sulfoxide (276855, Sigma) in Human Serum AB (H4522, 
Sigma) at 30 × 106 cells/mL and stored in liquid nitrogen 
(LN). LN frozen donor PBMCs were thawed, counted and 
labeled with carboxyfluorescein diacetate succinimidyl ester 
(CFDA-SE) (V12883, Thermo Fisher) using a protocol 
developed by Quah et al.55 CFDA-SE-labeled cells (0.1 mL 
at 4–6 × 106 cells/mL) were added to 96-well plates 
(CLS3595, Corning) containing antibody or KLH (H7017, 
Sigma) (0.1 ml, 90 µg/mL) in AIM-V cell culture medium 
(12055083, Thermo Fisher) in sextuplet and incubated at 
37°C, 5% CO2. After day 8, cells were mixed by 
a multichannel pipette, 0.1 mL from each well transferred 
to a 96-well plate containing anti-CD3-PE, (300441, 
Biolegend), anti-CD4-APC (300537, Biolegend) and 
a viability dye 7-AAD (420404, Biolegend) diluted in 1:1 
Human serum AB (H4522, Sigma) in Dulbecco’s PBS (50% 
HS-DPBS). Single-stained and fluorescence minus one con-
trols were generated by pooling multiple donors together, 
stained and acquired alongside samples. Sample acquisition 
was performed using Intellicyte IQUE flow cytometer and flow 
cytometry file analysis using FlowJo (10.5.3 version). The gating 
strategy is described in Supplementary Figure 7 to quantify Th 
cell (CD3+CD4+) proliferation. Here, the mean percentage of 
the cells subject to cell division in the plus sample (antibody or 
KLH) wells was divided by the mean percentage of the cells 
subject to cell division in the negative (medium only) control 
to obtain an SI value for each antibody or KLH and donor 
combination. Outliers within the sextuplet groups were removed 
by performing robust regression and outlier removal (ROUT) 
with a ROUT coefficient Q =5% (GraphPad Prism version 8) 
prior to calculating the average SIs for each test/donor combina-
tion (depicted as a dot-plot in Figure 5a). To test for statistical 
significance compared with the media only control, a Student’s 
t-test analysis was performed. Here, the average SIs for each test 
sample was then compared with the negative control (medium 
only) using a two-tailed unpaired (student) T test (GraphPad 
Prism version 8). A sample was deemed immunogenic when P < 
.05 and SI ≥ 2. The proliferation data was further analyzed by 
calculating an RI, which is frequency of donors responding (P < 
.05 and S I ≥ 2) multiplied by the average strength (SI) of 
response.

Human Th CD4+ activation marker assay
Haplotyped human PBMCs (0.5 mL, at 4–6 × 106 cells/mL) 
prepared as described above, were incubated with different anti-
bodies (0.5 mL, 90 µg/mL) or KLH (0.5 mL, 90 µg/m) in 24-well 
plates (CLS3527, Corning). On day 5 cells were mixed and 
transferred to a separate plate and labeled with anti-CD3-FITC 
(300440, Biolegend), anti-CD4-PE-Cy7 (317410, Biolegend), 
anti-marker-PE (CD69-PE 310910, CD71-PE 334105, CD25- 
PE 302605 or CD40L-PE 310805, obtained from Biolegend) 

and To-PRO-3 (T3605, ThermoFisher). Flow cytometry gating 
was as described in Supplementary Figure 7 and data analysis 
was performed by using FlowJo software (BD Life Sciences).
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