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Abstract Programmed death ligand 1 (PDL1,

CD274, B7-H1) has been identified as the ligand for

the immune inhibitory receptor programmed death 1

protein (PD1/PDCD1). PDL1 is a member of B7

family of immune molecules and this protein together

with PDL2, are two ligands for PD1 expressed on

activated lymphoid cells. By binding to PD1 on

activated T cells, PDL1 may inhibit T cell responses

by inducing apoptosis. Accordingly, it leads to the

immune evasion of cancers and contribute to tumor

growth, thus PDL1 is regarded as therapeutic target for

malignant cancers. We selected PDL1 specific

nanobodies from a high quality dromedary camel

immune library by phage display technology, three

anti-PDL1-VHHs were developed.

Keywords Nanobody � Programmed death 1 �
Programmed death ligand 1 � Tumor

Introduction

Immune checkpoints are inhibitory pathways of the

immune system that maintain self-tolerance and

prevent autoimmunity (Planes-Laine et al. 2019;

Rosskopf et al. 2019; Tundo et al. 2019). Several

inhibitory immune checkpoints have been described.

The PD-1/PDL1 immune checkpoint is one of the best

characterized receptor and ligand. PD1 (programmed

death-1, also known as CD279), a type 1 transmem-

brane receptor, is expressed on the surface of activated

T cells in peripheral tissues. Its ligands, programmed

death-ligand 1 (PDL1, B7-H1, CD274), are commonly

expressed on the surface of dendritic cells or

macrophages (Zuazo et al. 2017). The binding of

PD1 to its PDL1 ligand limits T cell activity, thereby

preventing excessive stimulation and maintaining

immune tolerance to self-antigens. However, PDL1

surface expression are often upregulated by tumor

cells to induce local immune suppression and atten-

uate the endogenous antitumor immune response

(Amarnath et al. 2011; Kythreotou et al. 2018; Munn
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2018). Based on the significant regulatory effect of

PDL1 on immune responses, antibodies against

human PDL1 have been developed for enhancing

immunological responses against cancer. The thera-

peutic application of PDL1/PD1 blocking antibodies

has revolutionized cancer treatments (Bylicki et al.

2018; Kambayashi et al. 2019; Kwok et al. 2016).

Nanobodies are derived from heavy-chain only

antibodies that occur naturally in the serum of

camelids (Khodabakhsh et al. 2018). Nanobodies are

also called single-domain variable heavy chain (VHH)

antibody fragments. They are the smallest, intact

antigen binding antibody fragments. They show

excellent stability, and can easily be engineered and

produced in prokaryotic cells (Rothbauer 2018). Due

to their small size and unique structure, nanobodies

perform better in many capture and detection appli-

cations than other antibodies. Advantageous features

of nanobodies also include their high solubility, high

stability, and excellent tissue penetration in vivo. With

multiple competitive advantages over other formats of

antibodies, nanobodies are in the interest of many

researchers as well as biopharmaceutical companies

for diagnostic and therapeutic applications, and they

could be good replacement for traditional antibodies in

future (Khodabakhsh et al. 2018; Salvador et al. 2019).

In the present work, we successfully constructed a

T7 phage display cDNA library against PDL1. From

the immunized camel VHH library, PDL1-specific

VHH was obtained. Additionally, the selected PDL1

specific VHHs were further analyzed for their binding

activity and affinity.

Current phage display systems are based on various

bacteriophage vectors. The most frequently used

phage display vectors are M13 and T7 phages. For

M13 as a phage display platform, exogenous peptides

are expressed in the M13 coat proteins, M13 phage

display is depend on a protein secretion pathway and

associated with limitations in the secretion of phage

into the periplasm. By contrast, T7 phage expressed

exogenous peptides as capsid fusion proteins, phage

assembly takes place in the E. coli cytoplasm and

mature phage are released by cell lysis. Unlike M13

systems, peptides or proteins displayed on the surface

of T7 do not need to be capable of secretion through

the cell membrane, which avoids problems associated

with steric hindrance. Compared with M13, T7 has

additional properties that make it an attractive display

vector. T7 grows quickly and forms plaques within 3

h, which saves time during cloning and screening. In

addition, T7 phage particle is extremely robust, and is

stable to harsh conditions that inactivate other phage.

This stability expands the variety of agents that can be

used in biopanning selection procedures, which

require that the phage remain infective. (Deng et al.

2018).

Material and methods

Cell lines

293T (human embryonic kidney cells transformed

with the large T antigen, ATCC� CRL-3216TM ) were

from ATCC.

Dromedary camel immunization

A healthy dromedary camel was immunized once a

week with 0.5 mg human PDL1 protein (purchased

from Sino Biological company) mixed with a same

volume of Freund’s complete adjuvant for the first

time and Freund’s incomplete adjuvant for the next 6

times. After 7 times immunization injections, 100 ml

of blood of the immunized dromedary were collected.

Peripheral blood lymphocytes were isolated from

blood by density gradient centrifugation on Percoll.

Briefly, the tubes were filled with a solution of Percoll

with density of 1.1 g/ml, and 0.9% NaCl diluted blood

was layered on top of the Percoll, and centrifuged for

20 min at 4009g, banded cells were separated, and

finally the enriched lymphocytes were washed to

remove percoll. Total RNA was extracted from the

lymphocytes and cDNA was synthesized for the

nanobody library construction use.

The camel was maintained in pasture and was

thoroughly inspected and handled in accordance with

established international guidelines. Experimental

protocols were approved by the Institutional Animal

Care and Use Committee (IACUC) of Southeast

University.

Construction of the immune nanobody library

The nanobody library was constructed according to

our previous studies (Li et al. 2019; Liu et al. 2017).

Briefly, two-step nested PCR approach was used to

amplify the variable regions of heavy-chain
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immunoglobulins fragments (VHH coding gene,

nanobody gene) in order to avoid contamination of

VH genes. The primers sequence (nest-PCR1 up and

nest-PCR1 down for the first step PCR; nest-PCR2 up

and nest-PCR2 down for the second PCR) was

described previously (Li et al. 2019). The first step

PCR was performed using the above synthesized

cDNA as template. The first PCR products con-

tain * 700 bp fragments and were used as the

template for the second step PCR. Then, the nanobody

gene repertoire were amplified by second PCR using

degenerated primers including EcoRI and HindIII

restriction sites ( nest-PCR2 up and nest-PCR2 down).

The amplified products around 500 bp were purified

and ligated into T7 Select 10-3 vector (EcoRI/HindIII

linearized T7 Select10-3b vector arms were from

Merck Millipore) after digesting by restriction

enzymes EcoRI and HindIII. Ligation products were

incubated with an in vitro packaging extract to

package into phage according to the manufacturer’s

instructions. To determine the library size, gradient

dilutions of the packaging reactions were mixed with

E. coli BLT5403 and plated on LB plates, by counting

the plaques number, the size of the library was

measured. Many individual plaque were chosen ran-

domly and used in a colony PCR to estimate the

percentage of colonies with a proper insert size within

our library.

Selection of nanobodies from phage display library

Nanobodies against PDL1 were selected from phage

library. VHH library was amplified, 20 lg PDL1

protein was immobilized onto agarose beads, and the

beads were incubated with phage library and then

washed unbound phage particles with PBST (Phos-

phate Buffered Saline with Tween 20). A fresh

exponentially growing culture of E. coli BLT5403

was infected with the bound phages on washed beads

and incubated at 37 �C until cell lysis occurred, the

bound phage particles were recovered by centrifuga-

tion. The process represented one round of biopanning

and these rescued phage particles were used for the

next round of panning. With three consecutive rounds

of biopanning, the PDL1 specific phages were

enriched gradually.

Phage ELISA

Plaque assay was performed to analyze the obtained

phages after three rounds of panning. Using a sterile

pipet tip to scrape up the individual plaque of interest

and disperse it in a tube containing logarithmically

growing host cells (OD600 = 0.6), incubate with

shaking at 37 until lysis is observed. Clarify the lysate

by spinning and the phage titer of recombinant phage

particles in the supernatant were calculate, then

selected recombinant phages were tested in single

phage ELISA. Briefly, ELISA plate wells were coated

with human PDL1 protein at 4 �C overnight (1 lg in

200 ll PBS), the coating solution was discarded and

washed with the washing buffer (PBST, Phosphate

buffered saline with Tween 20). All wells were

blocked with blocking buffer (1% bovine serum

albumin in PBS, 200 ll/well) for 2 h and the plate

was washed. 108 pfu of selected phages were added

per well for 2 h and washed, then followed by

incubation with diluted rabbit anti-T7 antibody for

another 1 h and subsequently incubated with HRP-

conjugated antibody. The bound recombinant phage

particles were detected by adding TMB substrate

solution. Finally absorbance value at 450 nm was read

by using an ELISA reader. Values were the means of

three replicates. Finally, fifteen positive plaques (with

binding ratios relative to a non-coated well of more

than 2) determined by single-phage ELISA was

cultured, the phage DNA was extracted and PCR

was performed to amplify the region surrounding the

multiple cloning site. Sequencing of PCR product can

provide the inserted VHH sequence of selected phage

recombinants.

Expression and purification of anti-PDL1

nanobody

PCR amplified anti-PDL1 nanobody genes were

cloned into pET32a (?) plasmid and the cloned anti-

PDL1 VHH genes in recombinant plasmid of pET32a

(?)-VHH was checked by sequencing. For anti-PDL1

nanobody expression, the recombinant plasmid of

pET32a (?)-VHH was transformed into E. coli BL21

(DE3). The transformed E. coliBL21 was selected and

cultured at 37 �C in medium until the OD600 reached

0.6. By adding 1 mM IPTG, expression of anti- PDL1

nanobodies were induced. Then the culture was

centrifuged, the cell pellet was resuspended in lysis
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buffer and sonicated. Nanobodies were purified by

immobilized metal affinity chromatography (IMAC)

by NI-NTA columns (HisPurTM Ni-NTA Resin,

ThermoFisher Scientific) in a gradient of increasing

imidazole concentration(lysis buffer:10 mM imida-

zole, pH 8.0; wash buffer: 50 mM imidazole, pH 8.0;

elution buffer 250 mM imidazole, pH 8.0). The purity

of eluted proteins was checked by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) using coomassie blue staining. Then the

collected nanobodies were dialyzed in PBS buffer

and applied to a gel filtration column (Superdex 75 HR

10/30 column equilibrated in 20 mMTris–HCl pH 7.5,

150 mM NaCl, GE Healthcare). The collected frac-

tions containing 99% pure nanobody were pooled and

concentrated using an ultrafiltration unit (3000 molec-

ular weight cutoff, Millipore).

The affinity constant (Kaff) of nanobody

for binding to PDL1

The affinity constant of nanobody was determined as

previously described (Beatty et al. 1987; Zhang et al.

2013). The plates were coated with PDL1 of three

concentrations 5 lg/ml, 2.5 lg/ml and 1.25 lg/ml,

then added and incubated with serial diluted concen-

trations of nanobodies. After washing, anti-HA tag

mouse antibody was added, then followed by another

washing, horseradish peroxidase (HRP)-conjugated

goat anti-mouse IgG was added and incubated, the

color was developed by the addition of substrate TMB

solution. The absorbance values at 450 nm was

measured. Three curves were plotted for the absor-

bance values versus antibody dilution. The antibody

concentration resulting in 50% of the maximum

absorbance value at a particular antigen coating

concentration was designated as [Ab]t and selected

for the affinity calculation, three [Ab]t values were

obtained against three different concentrations of

PDL1, and three K values were calculated according

to the Beatty formula, the final affinity constant is the

average result of three K values.

Cross-reactivity assay

The specificity of nanobody was characterized via

ELISA, 100 ll different PDL1 (human PDL1, monkey

PDL1 and mouse PDL1 were all purchased from Sino

Biological company) or PDL2 proteins (human PDL2,

Sino Biological company) (each 2 lg/ml in PBS) were

coated on high binding plates (Corning), and a control

was set. After washing and blocking, 100 ll purified
anti-PDL1 VHHs at the concentration of 2 lg/ml

(diluted in PBS) were incubated to detect the speci-

ficity and then followed by incubation with anti-HA

tag mouse monoclonal antibody and HRP conjugated

goat anti-mouse IgG. Color was developed with TMB

and the signal was read at 450 nm. All analysis were

repeated three times.

Western

Standard procedures of western blotting were used to

determine the reactivity of the nanobody to the whole

cell lysates of 293T cells transfected with pCMV-

PDL1-flag on a 12% gel. The cell lysates of 293T cells

transfected with empty vector pCMV-flag was used as

negative control. Immunodetection was performed

using VHHs or anti-flag commercial antibodies (BD

Biosciences) as the primary antibody. The final signals

were developed with Pierce ECL Western Blotting

Substrate according to standard procedures.

Immunofluorescence staining

293T cells were seeded in plates and transfected with

pCMV-PDL1-flag plasmid DNA. Transfected 293T

cells were seeded on coverslips, and fixed with 4%

formaldehyde in PBS for 15 min, permeabilized with

0.1% Triton X-100 for 10 min, and blocked with 5%

BSA for 1 h. Successively, cells were incubated for 1 h

at 37 �C in HA-tagged anti-PDL1 nanobodies and

followed by the mouse anti-HA antibody incubation.

The commercial anti-flag antibody was used for

positive control, or left without primary antibody for

negative control. Then all groups were incubated with

FITC-conjugated anti mouse antibody. Finally, cells

were stained with DAPI for nuclear visualization, and

assessed by Olympus fluorescence microscopy.

Results

Construction of phage display nanobody library

The scheme of nanobody library construction was

shown in Fig. 1a. The heavy-chain antibody variable
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region (also known as VHH) sequences were ampli-

fied from lymphocyte cDNA of the camel. The first

round PCR products were analyzed by agarose gel

electrophoresis, which included a 900 bp fragment for

VH-CH1-CH2 exons and 700 bp for VHH-CH2 exons

(Fig. 1b). Gel plugs from the bands near 700 base pairs

(bp) were cut to extract DNA, the extracted DNA was

used as template in the secondary PCR. This was

performed with the primers nest-PCR2 up and nest-

PCR2 down. The gene for the VHH domain of about

500 bp (Fig. 1c) was amplified. The VHH library

against PDL1 was generated by inserting the final PCR

fragments into the T7 vector and followed by in vitro

packaging. Plaque assay was performed to calculate

the titer of packaged phage. Size of the library was

determined by counting the number of plaques after

serial dilutions and plating on plates. The capacity of

the library in the packaging reaction was 5 9 107pfu.

Meanwhile, 30 lysis plaques were chosen for screen-

ing by PCR (Fig. 1d). The result suggested that 100%

of the plaques contained the insert of the expected size

for camel VHH gene. Packaged library was amplified

by infection of host BLT5403.

Biopanning of phage display library against PDL1

After three rounds of panning (Table 1), PDL1 specific

VHHs were enriched. To isolate VHH antibodies with

high affinity and their coding sequences, 50 individual

plaques from the panned library were chosen ran-

domly and analyzed by phage ELISA. Totally 15

plaques gave a high absorbance value (with binding

ratios relative to a non-coated well of more than 2) in

phage ELISA (Fig. 2a). These 15 plaques were

performed colony PCR to obtain the inserted sequence

of PDL1 specific VHH. After PCR and sequencing,

their deduced amino acid sequences were illustrated in

Fig. 2b, and these phage-displayed PDL1-specific

antibodies were classified according to the diversity of

amino acid sequences and named VHH1, VHH2, and

VHH3. Of 15 plaques sequenced, the sequence of

VHH2 repeated 7 times, VHH1 repeated 3 times; and

VHH3 repeat 5 times. The isolated VHH1 and VHH3

sequences had relatively longer predicted CDR3

regions (20 and 21 amino acids).

Expression and purification of PDL1 specific

VHHs

Three VHH DNA sequences from the isolated plaques

were inserted into the vector, and transformed into

BL21 (DE3) cells. After inducion with IPTG, the 35

kDa protein band was clearly present in the induced

E. coli containing the recombinant plasmid of pET32a

(?)-VHHs, as indicated on SDS-PAGE stained with

coomassie blue (Fig. 3a). Then the culture was

centrifuged, the cell pellet was harvested and

Fig. 1 Library construction. a Schematic showing immuniza-

tion and isolation of candidate PDL1 specific VHHs. b The first

round PCR fragments had evident bands around 900 bp and 700

bp. c VHH genes about 500 bp were amplified by second PCR.

d Plaques were randomly selected to detect the percentage of

phage containing an insert of VHH
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sonicated. The expressed nanobodies were purified by

NI-NTA columns and visualized by SDS-PAGE. The

yield of anti-PDL1 VHHs were ranged from 9.2 to

20.5 mg/l culture (Fig. 3b).

Determination of affinity constants and binding

specificity

The affinity constants of three nanobodies for binding

to PDL1 were determined by ELISA. According to

Beatty, three different concentrations of PDL1 (coated

to the plate) and serial dilutions of antibody were used

for ELISA, thereby enabling the calculation of three

different Kaff values, which generate the average

affinity constant. The affinity graphs of nanobodies

were shown in Fig. 4. The kaff of VHH1, VHH2 and

VHH3 was 7.5 9 107M-, 1.2 9 108M- and

1.7 9 108M- respectively.

We further tested the specificity of nanobody

against PDL1 by the ELISA experiments and BSA

was used as negative controls (Fig. 5a), the binding

activity was estimated with several antigens, such as

human PDL1 protein, monkey PDL1 protein, mouse

PDL1 protein and human PDL2 protein. Except for

monkey PDL1, which shows a binding activity with

VHHs, no other cross activity was detected in the

ELISA experiments.

Western blotting was applied to analyze the flag-

PDL1 expressed in 293T cells using nanobody VHH1,

VHH2 and VHH3. Obviously, three nanobodies were

only reactive against their specific PDL1 antigens in

293T cells. The reactivity and specificity of anti-PDL1

nanobodies in western blotting were comparable with

commercial anti-flag monoclonal antibodies, they all

can recognize their specific antigens (Fig. 5b). Finally,

we performed an immunofluorescence experiment to

Table 1 Enrichment of

phages with biopanning
Rounds of panning Input of phages (pfu) Output of phages (pfu) Ratio (%)

1 2 9 109 5.4 9 104 2.7 9 10- 5

2 2 9 109 1.8 9 106 9.0 9 10- 4

3 2 9 109 8.5 9 106 4.3 9 10- 3

Fig. 2 Selection of nanobodies against PDL1 by phage display

library. a Phage ELISA of randomly selected individual plaques

toward PDL1. Fifty phage plaques were selected from the

panned library and detected by phage ELISA. Fifteen plaques

gave a high absorbance value toward PDL1 were selected.

b Three kinds of anti-PDL1 VHHs with different amino acid

sequences were identified. Numbering and CDR designations

were grouped according to the methods of the international

ImMunoGeneTics information system (IMGT) numbering

system
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investigate the ability of anti-PDL1 VHH antibodies to

access and bind PDL1 on the cell membrane. Cultured

293T cells were transfected with plasmid for the

expression of PDL1, cells on cover slips were

subjected to immunofluorescence staining and analzed

by fluorescence microscopy. The representative image

showed green fluorescence at membrane, indicating

efficient recognition by anti-PDL1 VHH antibodies or

commercial anti-flag antibody in combination with

FITC secondary antibody (Fig. 5c). No significant

background was detected in nontransfected cells or in

negative control group (without primary antibody).

The efficient binding of membrane PDL1 by the anti-

PDL1 VHHs demonstrated that their affinity and

specificity were sufficient for their application in cell

PDL1 recognition.

Discussion

PDL1 was expressed on a number of cancer cells to

downregulate antitumor immune responses of T cells.

To block PDL1 activity and rescue T cells from

inhibition, blocking antibodies has attracted attention

in immunotherapy. Disruption of immune checkpoint

interactions by monoclonal antibodies (mAb) has

replaced chemotherapy as the standard of care for

metastatic melanoma and is similarly promising in the

treatment of other cancers (Larkin et al. 2015).For

example, checkpoint blockade Pembrolizumab (Key-

truda) has been extensively investigated in numerous

malignancies.

As an alternative to full-sized antibodies, we

developed camelid-derived heavy chain-only antibody

fragments (VHHs) against PDL1. Nanobodies are a

novel and unique class of antigen-binding fragments.

Their superior properties such as small size, high

stability, strong antigen-binding affinity, water solu-

bility and natural origin led to the development of a

new generation of biodrugs. Although not of human

origin and frequently ‘humanised’, nanobodies are

rarely immunogenic due to their small size and

similarities with the human VH3 gene family (Harm-

sen and Haard 2007). A number of nanobodies have

been identified and reached advanced preclinical

stages, while several of them are currently being

tested in clinical trials (Jovčevska and Mulydermanas

2019). Recently, caplacizumab, a bivalent nanobody,

received approval from the European Medicines

Agency (EMA) and the US Food and Drug Admin-

istration (FDA) for treatment of patients with throm-

botic thrombocytopenic purpura by targeting von

Willebrand factor (vWF) (Poullin et al. 2019)

Another promising application of nanobodies is the

use as targeting ligands for nanobodies-mediated

tumor drug delivery. PDL1 was mainly overexpresses

in various tumor cells, rendering anti-PDL1 as a

potential targeting ligand for drug delivery. Nanobod-

ies can be easily conjugated to a variety of agents (van

Brussel et al. 2016; van Lith et al. 2017). The small

size and low immunogenicity of PDL1 nanobodies

could offer unique benefit for serving as a targeting

ligand. Recently, it was reported that fusions of the

Fig. 3 Expression and purification of PDL1 specific nanobod-

ies. aThree nanobodies with different sequences were expressed
in E.coli and purified by immobilized metal affinity chromatog-

raphy (IMAC). LaneM,molecular weight markers; lane 1, Total

protein before IPTG induction of pet32a-VHH transformed

BL21 (DE3) cells.; lane 2, Total protein of IPTG induced culture

of pet32a-VHH transformed BL21(DE3) cells, showing the

anti-PDL1 VHH band at 35 kDa. lane 3, Supernatant after

ultrasonication; lane 4, Precipitation after ultrasonication; lane

5, The flow-through fraction; lane 6,7, The wash fraction at 50

mM imidazole; lane 8, The elution fraction at 250 mM

imidazole. b Yield of three nanobodies
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anti–PDL1 VHH with IL-2 or IFNc was generated to

direct these fusions to the tumor and reduced pancre-

atic tumor size (Dougan et al. 2018). Thus anti-PDL1

VHH based therapies are promising.

In current study, we immunized a dromedary camel

with the human PDL1 protein, leading to the isolation

of three single domain antibodies (VHHs), termed

VHH1,VHH2 and VHH3. The four conservative

hallmark residues in FR2 were Phe42 (or Tyr),

Glu49, Arg50 (or Cys) and Gly52 (or Leu), which

was consistent to previously reported distinct feature

of VHHs (Li 2014; Arbabi et al. 1997). In addition, all

three anti-PDL1-VHHs contain the strictly conserved

intradomain disulphide bridge (cysteine 23 in FR1 and

cysteine 104 in FR3), which is characteristic for the

immunoglobulin fold. For VHH2 and VHH3, a second

disulfide bridge is probably formed between the CDR3

and a cysteine at position 50. VHH1 here did not

contain a cysteine in the CDR3. The presence of a

second disulphide bond is common occurrence in

VHHs of the dromedary (Dumoulin et al. 2002).

Furthermore, the CDR3 with lengths of 20, 12 and 21

amino acids, do not share any sequence similarity. The

sequence information of these three VHHs showed

that different VHH germline genes were used.

The affinity experiment was conducted by non-

competitive ELISA according to the procedure of

Beatty et al. (1987) .The calculated binding affinity for

Fig. 4 The affinity constant of nanobodies for binding to PDL1

were determined by ELISA. The antibody concentration

resulting in 50% of the maximum absorbance value at a

particular antigen coating concentration was measured and

designated as [Ab]t. Three [Ab]t values were obtained against

three different concentrations of PDL1 ([Ab]t at 5 lg/ml, [Ab’]t

at 2.5 lg/ml and [Ab’’]t at 1.25 lg/ml) and were used for the

calculation of three K values according to the Beatty formula.

The final affinity constant is the average result of three

calculations. a–c experimental dose-response curves for anti-

PDL1 VHHs at three different PDL1 coating concentrations.

d Calculation of the affinity constants for anti-PDL1 VHHs
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three anti-PDL1 VHHs were in the range of 7.5 9 107

M- to 1.7 9 108 M-, indicating that three nanobodies

and PDL1 antigen can interact with high affinity, and

VHH3 showed the highest affinity. In conclusion, their

easy expression and purification, as well as high

affinity and specificity to PDL1, make them useful

reagents for PDL1 recognition. Further study may

extend the application scope of these selected VHHs.
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