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Discovery of Novel Complement component 5a receptor 1 Antagonistic 
Antibodies Using a Target-Specific Generated Phage Library 

Christine Thatcher †, Maxwell A. Stefan†, Linya Wang†, Crystal Safavi†, Naren Makkapati‡, Vince Parish‡, Mouna Villalta†,
Ana Lujan†, Monica Berrondo‡, Hoa Giang†, Aaron Sato†
Twist Biosciences, South San Francisco CA†; Macromoltek, Inc., Austin, TX‡

G-Coupled Protein Receptors (GPCR) remain one of the most attractive but more challenging therapeutic targets
for antibody discovery. Complement component 5a receptor 1 (C5aR1) is a GPCR of interest with potential
therapeutic applications in immune-oncology and inflammation. This GPCR is involved with the complement
cascade and in innate immunity. Stimulation of C5aR1 by its ligand, C5a, promotes tumorigenesis by
suppressing T-cell mediated anti-tumor activity while blockade of C5aR signaling has been shown to attenuate
tumor growth. In a combined approach with Macromoltek, we leverage Twist’s DNA synthesis and library
assembly technology with structural-based machine learning to design a targeted anti-C5aR discovery library to
identify several highly potent and selective lead antibodies against C5aR. Several of the candidates identified
from this study are also shown to have functionally antagonistic effects on C5aR1-mediated signaling in cell-
based assays. This work demonstrates how the combination of highly specific DNA synthesis, coupled with
informed design, can be paired to successfully prosecute challenging targets for novel therapeutic discovery.

TWIST BIOPHARMA’S ANTIBODY OPTIMIZATION AND 
DISCOVERY WORKFLOW

Library Design and Construction
The design of a C5aR1 focused library utilized existing structural information to predict solvent exposed regions of
the receptor (Figure 1A). The exposed surface was then divided into smaller epitopes using a neural network
trained on a structural repository of antibody-antigen interaction to identify epitopes with high-probability of
antibody interaction (Figure 1B). Using these discrete epitopes, an algorithm generated a large pool of millions of
candidate antibody structures with unique binding loops. This collection of structures was finally triaged down to
~10,000 structures using neural network models which selects candidates with favorable biophysical
characteristics (Figure 1C).
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The C5aR focused phagemid library was designed using the predicted CDRs from the ~10,000 candidates using
Twist’s synthetic DNA printing capabilities (Figure 2A). The assembled scFv phagemid library was constructed
using combinatorial assembly and represented a sampling of the overall theoretical diversity (Figure 2B). The
library’s CDR length distribution profile was assessed by NGS, which showed the observed sampling was
representative of the design (Figure 2C).
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INTRODUCTION
VHH antibodies have many characteristics that render them favorable 
as therapeutics, which include their high affinity and specificity, high 
thermostability, low production cost, high tissue penetration, and ease 
as building blocks in bi-specifics and multi-specifics. Using Twist’s 
unique silicon-based DNA synthesis platform, new VHH library 
designs can now be explored in conjunction with existing VHH 
antibody data. In this endeavor, we designed our first VHH library 
using a ratio-variant approach to mimic the natural diversity of VHH 
antibody sequences that were mined from the iCAN database 
containing over 3000 VHH antibody sequences against a broad array 
of targets. Subsequently, we designed two additional libraries in 
which we shuffled the natural llama CDR sequences in context of the 
llama and humanized framework. We then expanded the diversity in 
the CDR3 of the humanized CDR shuffled library by introducing the 
CDR3s from human naïve and memory B-cell receptor sequences 
from three healthy donors. These four VHH libraries were panned 
against a panel of soluble and cell-surface antigens and high affinity 
VHH antibodies have been obtained against most antigens. In this 
work, we highlight the proof-of-concept data arising from these 
libraries.
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• 5 successive 
rounds against 
protein target

• Phage ELISA 
screen

• NGS clonal 
enrichment 
monitored at 
each round

• All unique 
ELISA positive 
clones 
synthesized as 
VHH-Fc

• VHH-Fc affinities 
determined using 
Carterra LSA platform

• VHH-Fc developability 
assessed using a 
panel of assays

VHH target-specific antibodies can be identified, 
reformatted to VHH-Fc, and characterized in the span of 

only a few months

ANTIBODY DISCOVERY WORKFLOW

VHH LIBRARY DESIGN
A. VHH Ratio

• 2391 CDR sequences analyzed for position-specific variation
• Controlled CDR diversity introduced in the library to model 

the natural VHH repertoire
• Consensus llama framework

B. VHH Shuffle/ VHH hShuffle

• Each unique CDR individually synthesized
• Theoretical library diversity of 3.2 x 109

• Shuffled in consensus llama framework for VHH Shuffle 
library

• Partially humanized framework 1, 3 and 4 using the human 
germline DP-47 framework for VHH hShuffle library

• Final diversity of library > theoretical diversity

C. VHH hShuffle HI

• More than two million HCDR3 sequences were gathered 
from a database of human naïve and memory B-cell receptor 
sequences

• The HCDR3s were incorporated into the VHH hShuffle library 
• Final library diversity: 1.3 x 1010
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CDR3CDR2CDR1
N C

+ Loop length 0–13 amino acids. All 
amino acids. All amino acids except 
Cys and Met.

N C
CDR3CDR2CDR1

1239 unique CDR1s 1600 unique CDR2s 1608 unique CDR3s

N C
CDR3CDR2CDR1

1239 unique CDR1s 1600 unique CDR2s

> 2 Million unique CDR3s

VHH LIBRARY PROOF-OF-CONCEPT DATA

PANNING SUMMARY

LIBRARY GLP1R UNIQUES CRTH2 UNIQUES
VHH Ratio/Shuffle 98 76
VHH hShuffle 58 99

Infect

Elute 
Bound Phage

Wash
Unbound Phage

Deplete

Binding 
Selections

Amplify

PANNING SUMMARY

LIBRARY TIGIT UNIQUES CD47  UNIQUES
VHH Ratio 47 3
VHH Shuffle 58 1
VHH hShuffle 56 11
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VHH RATIO
CDR3 Counts Per Length

VHH SHUFFLE
CDR3 Counts Per Length

VHH hSHUFFLE
CDR3 Counts Per Length

AFFINITY THRESHOLD (MONOVALENT KD) IN nM

CO
UN

T

VHH RATIO VHH SHUFFLE VHH hSHUFFLE

BINDING SUMMARY

LIBRARY TIGIT BINDERS CD47  BINDERS
VHH Ratio 36 2
VHH Shuffle 45 1
VHH hShuffle 43 6

Out of 124 TIGIT binders, 51 
binders have Kd <100 nM

Out of 9 CD47 binders, 8 
binders have Kd <100 nM

CHO-
Target

Variant Library Kd (nM) Tm1 Tm2 IC50 (nM)
TB29-10 Ratio 32 72 87 17.65
TB29-7 Ratio 41 82 90 9.24
TB30-30 Shuffle 23 76 87 5.67
TB30-43 Shuffle 44 82 90 2.32
TB31-1 hShuffle 12 79 89 17.89
TB31-6 hShuffle 14 77 87 4.00
TB31-26 hShuffle 19 79 89 8.20
TB31-32 hShuffle 27 80 86 2.85
TB31-8 hShuffle 45 76 84 3.92
TB31-56 hShuffle 46 74 83 1.52

CO
UN

T

AFFINITY THRESHOLD (MONOVALENT KD) IN nM

3 ug/mL CD47 immobilized, 0.3-132 nM VHH-Fc, 
0.25 ug/ml biot-SIRP alpha, 1:5000 streptavidin-HRP

Clone Library
hCD47 

KD (nM) Tm1 Tm2 IC50 (nM)
TB19-2 Ratio 35 75 88 1.13
TB19-3 Ratio 200 76 87 1.08
TB20-1 Shuffle 49 78 89 1.79
TB21-1 hShuffle 28 80 88 1.68
TB21-2 hShuffle 31 69 88 -
TB21-3 hShuffle 19 80 88 1.35
TB21-4 hShuffle 62 81 89 -
TB21-6 hShuffle 71 79 88 -
TB21-10 hShuffle 38 71 85 -
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CDR3 length diversity of the TIGIT Unique Clones

VHH-Fc      
Reformatted Uniques

A.Soluble Antigen Targeting VHH Antibodies
To validate our single domain antibody libraries, we selected the 
three of the VHH libraries against TIGIT and CD47. 

Array SPR Binding Analysis with VHH-Fc 
TIGIT Clones CD47 Clones

Thermostability and Competition analysis of VHH-Fc 
TIGIT clones 

CD47 Clones

B. GPCR Targeting VHH Antibodies

Five rounds of cell-based 
selections were carried out 
against the GPCR targets. 
Before selection on target 
cells, phage was first 
depleted on CHO 
background cells. Stringency 
was increased by increasing 
the number of washes in 
subsequent rounds of 
selections. The bound phage 
was eluted using Trypsin, 
and amplified for the next 
round of panning.

A total of 1000 clones 
from round 4 and round 5 
were sequenced by NGS

Binding Analysis of a VHH-Fc GLP1R clone

Binding and Functional Analysis of a VHH-Fc 
CRTH2 clone

SUMMARY
Validation of the VHH libraries with soluble and cell-
surface targets have yielded high affinity antibodies in all 
the case, with KD values as VHH-Fc in sub-nM range. 
The thermal stability of top binding VHH-Fc clones was 
above 70°C. Each library gave a large number of unique 
clones against each of the target screened. Our results 
also show that CDR shuffling is a promising approach in 
designing synthetic libraries. These libraries can be 
used to develop antibodies with specificity towards 
completely new targets. In addition, we show the power 
of Twist DNA synthesis technology in building newer 
libraries by using existing libraries as building blocks. 
We anticipate to use these newly developed VHH 
libraries against a panel of other targets and the 
antibodies discovered from these libraries as modules 
for bispecific antibody development. 
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After validating the library against 
soluble antigens, we then panned 
the libraries on two different GPCRs 
targets (GLP1R and CRTH2). Stable 
cell lines expressing these GPCR 
targets were generated and used for 
cell-based selections.

Probability Matrix 
Generated Using 

Macromoltek
Neural Network

Existing Structural 
Information

Discrete “Druggable” Epitopes Identified

Antibody Discovery and Characterization

5 Rounds 
of Panning

Solvent Exposed 
Region of C5aR

Parental Cell line

C5aR Expressing Cell line

Designed CDR Length Distribution Profile

Target Cells Infected by 
Retroparticles

β-arrestin-Enzyme 
Acceptor Fusion

PathHunter β-arrestin
Cell Line 

Transfect Cells with 
GPCR-PK (Prolink) 

Plasmid

A cell-based campaign was conducted with 5 rounds of panning. Phage pools were depleted on parental cells
prior to incubation with the C5aR expressing cell line (Figure 3A). Phage pools from later rounds of panning were
characterized by long-read NGS to get VH and VL paired sequencing. Clones were selected to move into IgG
reformatting using Twist’s bioinformatic pipelines looking at abundance of clones, enrichment across rounds, and
clustering (Figure 3B). A total of 96 clones with 45 different HCDR3’s were selected and produced as IgG
molecules.

Panning Campaign and Clone Identification by NGS Sequencing

Primary Screening and Secondary Confirmation Assays

Library Synthesis and Assembly

Design of C5aR1 Targeted Library
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Observed CDR Length Distribution Profile
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Run Design Algorithm Select Final Designs
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Millions Of Unique 
Candidate Antibody 
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Neural Network 
Models to Narrow 

Down Designs
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Library Diversity
1.05 x 109

Theoretical Diversity
1 x 1025
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Primary screening of IgG candidates was performed by single-point FACS at 100 nM (Figure 4A). Clones which
exhibited an MFI ratio greater than 3 compared to the parental cell line were considered a positive hit. Of the 96
clones reformatted 90% met this positive hit criteria. Titration of top clones show potent and specific binding to
the stable expressing cell line, with several having EC50’s comparable to the clinical control Avdoralimab (Figure
4B). Clones were further validated by Carterra SPR using C5aR loaded micelles from G.CLIPS Biotech (Figure
4C). Finally, clones were evaluated in a cell-based assay for antagonism of C5aR (Figure 4D). Several clones
identified block C5a stimulation of C5aR and β-arrestin recruitment.

C5aR Expressing Cell line Parental Cell line

Primary Screening of Identified Clones by Single-point FACS 

FACS Titration of Select Clones Clones Bind C5aR-micelles by SPR
Avdoralimab TB639_005

TB639_013 TB639_036

TB639_040 TB639_062

Several Candidate Antibodies are Functional Antagonists of β-arrestin 
recruitment by C5aR activation 

[Antibody] = 100 nM

C5aR loaded micelles were produced by G.CLIPS
Biotech. Antibodies were immobilized by hIgG Fc-
capture.

C5a Substrate

Reinfection

Phage Generation

Binding to Target

Removal of 
Unbound Phage

Elution of Target
Specific Phage

Antibody Cell Binding EC50 (nM) Antagonism of β-arrestin EC50 (nM)

Avdoralimab 0.48 2.6

TB639_005 0.73 108.6

TB639_013 0.57 > 1000

TB639_036 0.37 20.7

TB639_040 0.19 39.4

TB639_062 0.55 204.7
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Abundance of Unique Clones from Representative Round of Panning

Clonal Clustering from Representative Round of Panning
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A C5aR focused antibody discovery library was produced in collaboration with Macromoltek using neural network
machine learning and Twist’s synthetic DNA capabilities. Using this library, a number of specific and potent lead
molecules were identified. Importantly, a number of these were functional antagonists of C5aR. Using this
approach, high quality target-specific libraries can be generated to enable drug discovery for challenging
therapeutic targets.
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