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Abstract PD-LI is a 40 kDa trans-membrane pro-
tein of B7 family and an important T cell regulator.
Binding of PD-L1 and PD-1 inhibits proliferation and
activation of T cell results cell exhaustion. This
phenomenon can be reversed by blocking PD-L1/PD-
1 interactions with single chain variables fragment
(scFv) fusion proteins and by direct inhibition of
tumor cells with drug conjugates. The human phage-
displayed scFv library was utilized to generate scFv
against the PD-L1 antigen by affinity bio-panning. The
positive clones were selected by continuous transfec-
tion of bacterial cells and sequence analysis. The
binding affinity and specificity of the scFv and
antibody fragments were determined by using surface
plasmon resonance biosensor, western blot analysis,
and immunofluorescence assay. After three rounds of
panning selection, about 30% of clones have a binding
affinity with targeted PD-L1 antigen. Eight positive
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clones with accurate sequences were isolated and
analyzed for binding affinity with PD-L1 antigen.
Three of those with accurate sequences and binding
affinity were selected for the recombinant formation
and soluble expression by Escherichia coli host
machinery. The highly positive recombinant clones
with the exact orientation of FR and CDR domains
were developed and can be used as a drug carrier tools
in ADC formation or direct inhibition of immune
checkpoint in cancer immunotherapy. The conjugate
achieved its initial potency and need efficient
improvement to enhance direct tumor suppression
and bio-therapeutics strategies enrichment.
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Abbreviations

ADC Antibody-drug conjugate

ATCC American Type Culture Collection
CDR Complementarity determining regions
DAPI 4’ 6-Diamidino-2-phenylindole

ECD Extracellular domain

ELISA Enzyme-linked immune-sorbent assay
FITC Fluorescein isothiocyanate

FR Framework region

IL Interleukin

IPTG Isopropyl 5-p-1-thiogalactopyranoside
Ni-NTA Nickel-nitrilotriacetic acid
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PCR Polymerase chain reaction

PD-1 Programmed cell death protein-1
PD-L1 Programmed cell death ligand-1
PEG Polyethylene glycol

scFv Single chain variable fragment
SDS- Sodium dodecyl sulfate—polyacrylamide
PAGE gel electrophoresis

TMB 3,3/,5,5'-Tetramethylbenzidine
VH Heavy variable region of Ig

VL Light variable region of Ig
Background

Programmed cell death ligand-1 (PD-L1) is a 40 kDa
trans-membrane protein of B7 family that shares 40%
homology with B7-DC/PD-L2 recorded more homol-
ogous to one another in this group (Dong et al. 1999;
Latchman et al. 2001). The interactions of PD-L1
members result in down-regulation of T cell activation
by decreasing interleukin-10, IL-4, IL-2 secretion, and
interferon v production via PD-1 receptors association
(Carreno and Collins 2002; Freeman et al. 2000).
Activated T cell and B cell result PD-1 expression
while PD-L1 can be induced on macrophages and
dendritic immune cells also by inflammatory cyto-
kines. The T cell stress and down-regulation can be
released by inhibition of PD-L1/PD-1 immune check-
points via antibody therapies as shown in Fig. la. It
was reported that immune checkpoint inhibition is
most effective in pre-existing PD-L1 suppressed
immunity patients and can be revived by antibody
therapy (Herbst et al. 2014; Taube et al. 2014; Tumeh
et al. 2014). Combination therapy of dabrafenib and
trametinib with MEDI4736 antibody was also reported
challenging anti-tumor activity by treating with
dabrafenib and trametinib (Schreuer et al. 2017).

The monoclonal antibodies are generally used for
seizure antibody for their specificity and affinity but
predictably time to consume and complex to achieve
the desired monoclonal antibodies. Phage display
technology makes it possible to generate single chain
antibodies (scFv) with elevated specificity and high
binding affinities (Li and Caberoy 2010; Pande et al.
2010). It was considered potent biological machinery
for the screening of targeted ligands that bind to tumor
surfaces, initially introduced in 1985 by Smith (1985).
The simplicity of scFv can eradicate hurdles
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associated with whole antibodies, with a demonstra-
tion of superior penetration ability in tissues (Beck-
man et al. 2007; Chames et al. 2009; Yokota et al.
1992). The reduced complexity of scFv also allowed a
desirable production in prokaryotic cells as compared
to eukaryotic host machinery due to its lower main-
tenance and rapid growth (Makrides 1996). An scFv is
actually a fusion protein of variable regions (VH and
VL) connected by a short linker of 10-25 amino acids.
These proteins possess the ability of both antigen
binding capability and marker activity from hybri-
doma technology. The capabilities can be applied in
the biological application as therapeutic gene delivery,
biosensor and cancer treatment (Crivianu-Gaita and
Thompson 2016). Additionally, for therapeutic pur-
poses, the murine antibody can be humanized rapidly
at the scFv production stage (Khantasup et al. 2015).
Phage display technology is the most convenient
method in terms of antibody production that designs a
huge repertoire of peptides and proteins libraries
(Clackson et al. 1991; McCafferty et al. 1990; Smith
1985). These libraries comprised hundreds of millions
of molecules which display scFv fragments. Single
chain variable fragments are made of variable regions
of both heavy and light chains. These variable regions
are joined by a flexible linker (Wen et al. 2010). Phage
display technology shares tremendous advantage in
antibody productions that it can be produced in a large
amount and retains specific binding affinity to antigen
deprived of immunization procedures (Dai et al. 2003;
Weisser and Hall 2009). This system makes it possible
to generate recombinant antibodies of elevated bind-
ing specificities and affinity with targeted antigens
(Garet et al. 2010; Pande et al. 2010).

Current studies represent the novel approach of
scFv production against the PD-L1 surface antigen
from the recombinant human phage-displayed scFv
library. The library was incubated initially with target
proteins and unbound phages were excessively
washed out. The high-affinity phages were eluted out
and amplified by using host bacterial cells. These were
further enriched in succeeding cycles. After panning
rounds, clones were characterized by sequence anal-
ysis and ELISA to acquire the desired structural and
functional information. In this study, we developed
high-affinity phage environment and construct
prokaryotic recombinant vector system to express
the variable regions, a comprehensive foundation for
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Fig. 1 a Inhibition of PD-L1/PD-1 immune checkpoints with
antibodies. Binding of PD-L1 and PD-1 inhibits proliferation
and activation of T cell result cell exhaustion. This phenomenon
can be reversed by blocking PD-L1/PD-1 binding with
monoclonal antibodies. b Phage display bio-panning cycle.
Phage bio-panning cycles: (i) immobilization of Ni-NTA
sefinose beads on the solid surface. (ii) Binding of PD-L1
antigen with beads. (iii) Incubation of phage library. (iv)

further research in antibodies production and a carrier
tool for loaded drug and chemicals.

Materials and methods

Cell lines and reagents

Tumor cell lines of lung cancer, A549, were obtained
from ATCC and were maintained in RPMI-1640

supplemented with 10% fetal bovine serum in a
humidified incubator containing 5% CO, at 37 °C.
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Removal of unbound phages via washing and selective phages
are eluted out. (v). Infection of E. coli by rescued positive
phages. (vi) Positive phage enrichment. ¢ Genetic map of
recombinant vector pET30 (4) scFv construction. The vector
contains a Lac operon promoter region, gene encoding
kanamycin resistance gene, the origin of replication fused with
desired anti-PD-L1 scFv sequences including VH, VL and
linker sequences loaded with EcoRI and Xhol restriction sites

MI13KO7 helper phage (1.47 x 10'? pfu/ml, Lot:
1G0286: Amersham Bioscience, USA). The human
phage-displayed scFv library was previously estab-
lished in our laboratory (Chinese Patent
CN201210484448.6, 2015-02-25) and was used with
1.22 x 10'? concentrations. Escherichia coli strains
were provided by Professor Jinbiao Zhan and were
maintained under strict sterile conditions. Libraries
were of high potency clones containing inserts that
displayed as single chain fragments on plIl phage
filaments. The scFv fragments were engineered in
phagemid vector that comprised ampicillin resistant
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gene and single polypeptide chain with the variable
region of heavy and light chains attached by Gly—Ser
flexible linker. The PD-L1 extracellular domain was
previously developed by our research group in gene
and antibody engineering lab. Anti-PD-L1 IgG anti-
body and anti-6xHis Tag rabbit antibody (Cat No AB
10002) were from Life Science Production and
Services, China. Rabbit anti-human IgG (H 4+ L)-
HRP (Cat No 6140-05; Lot No D2311-ZD51E) were
from Southern Biotech USA) and goat anti-rabbit IgG-
HRP (Cat No HA1001; Lot No G161011) were
provided by Hangzhou HunAn Biotech Comp. China.
All reagents, solutions, and buffers were maintained
under high-grade purity and strict sterile condition.

Helper phage enrichment and library amplification

Escherichia coli TG1 was regenerated and incubated
overnightat 37 °Cinto5 ml2 x YT tubes. Achieving
logarithmic ~ phase, MI13KO7 helper phages
(147 x 10" pfu/ml) were added and incubated for
30 min at 37 °C followed by overnight incubation at
37 °C on 2 x YT culture plates supplemented with
50 pg/ml kanamycin. A single colony was transferred
to E. coli TGI at the logarithmic stage and incubated
for 2 h at 37 °C. Bacterial culture was transferred to
200 ml 2 x YT in a conical flask and incubated for
1 hat 37 °C, 220 rpm followed by addition of 50 pg/
ml kanamycin and incubated for 16 h at 30 °C and
220 rpm. Bacterial cells were pelleted out, the super-
natant was collected at 7000 rpm for 20 min and
phages were concentrated out with 20% PEG/2.5 M
NaCl solution on ice for 4 h. The harvested pellets
were dissolved in PBS and centrifuged at 12,000 rpm
for 10 min to eliminate cell derbies. The supernatant
was passed via a 0.22 um syringe filter. The library
was amplified with the same procedure by addition of
enriched phages (10'?) and concentrated with 20%
polyethylene glycol (PEG8000) and 2.5 M NaCl
solution and stored at — 80 °C with 15% glycerol.

Bio-panning screening and expression of positive
scFv-PDL1 phages

Recombinant PD-L1-ECD was incubated overnight
with Ni-sefinose beads at 4 °C. The mixture was
vigorously washed with PBS and blocked with 5%
BSA at37 °Cfor 1 h. Amplified phages (100 pl) were
added to tubes in blocking buffer at 37 °C for 2 h,
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followed by 10 min standing incubation. The liquid
was discarded and washed five times with TBST and
two times with dH,O to remove the unbound phages.
The bound phage particles were eluted with elution
buffer (200 mM imidazole, 0.5 M NaCl, 0.1 M PBS)
followed by 0.2 M glycine-HCI1 (pH 1.7) at room
temperature for 10 min and neutralized with 1 M
Tris—HCIl (pH 9.0). The eluted phages were subse-
quently used to infect E. coli TG1 at logarithmic stage
(ODgponm = 0.4) for 30 min at 37 °C. Titers were also
made and plated on 2 x YT plates supplemented with
100 pg/ml ampicillin and 1% glucose to calculate the
phage infection. The infected E. coli TG1 was poured
into 20 ml 2 x YT and incubated at 37 °C for 2—4 h.
Helper phages (10'%) were added and allowed to stand
for 30 min at 37 °C. Cells were harvested at 2200xg
for 15 min and suspended to new 200 ml 2 x YT
medium supplemented with 100 pg/ml ampicillin and
50 pg/ml kanamycin and incubated for 16 h at 30 °C
with regular shaking. The culture was harvested at
7000 rpm for 15 min and phages from the supernatant
were concentrated by using PEG/NaCl solution and
were dissolved in 2 ml PBS, centrifuged and filtered.
These phages were further used for second and third
rounds of panning. The schematic diagram of the bio-
panning cycle is shown in Fig. 1b. The cycles of bio-
panning were repeated twice to amplify and select the
highly purified enrich phages. The positive colonies
were selected from culture plates and 300 colonies
were settled out for sequence analysis with Sangon
Biotech Shanghai, China. Eight stronger clones were
selected and were analyzed for binding affinity with
PD-L1 by phage ELISA. Four samples out of eight
were recorded of exact homology so were named as
C36. The positive phages after ELISA and sequence
determination were enriched further as described
above. Positive samples were processed for soluble
antibody production by using recombinant 6xHis-Tag
pET 30(+4) vector development using E. coli BL21
(DE3) host cell machinery. NCBI-BLAST tools and
Clustal W programs were used to determine multiple
sequence alignment and homologous sequence anal-
ysis with related peptides.

Phage ELISA
96 wells plates were coated with 100 pl per well PD-

L1 antigen in PBS with 100 pg/ml concentration and
incubated overnight at 4 °C. The liquid was discarded
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and wells were washed three times with PBS then
blocked with 3% BSA (Bovine serum albumin) in PBS
for 2 h at 37 °C. 10 pl positive phages in blocking
buffer were added to each well and incubated for 1 h at
37 °C. Plates were washed five times with PBST
(0.05% Tween 20 in PBS). The bound phages were
detected by using 100 pl horseradish peroxidase-
conjugated anti-M13 antibodies in each well with
1:5000 dilutions in blocking buffer and incubated for
1 h at 37 °C. 100 pl substrate TMB was added to
develop color up to 30 min at 37 °C in dark and
reaction was stopped by adding 2 M H,SO, for
10 min at 37 °C. The binding affinity of phages and
PD-L1 antigen were measured by using ELISA reader
at 450 nm absorbance. All analyses were performed in
triplicate.

Affinity determination of scFv by surface plasmon
resonance (SPR)

The binding activity of anti-PD-L1 scFv to PD-L1 was
assessed with Octet K2 bio-Layer Interferometry, BLI
(Shuangtian Shengwu, China). The fully integrated
SPR sensor used is highly stable and static. The
emitted light by LED reaches polarizer and reflects by
sensing the surface of gold. The detector measures the
light and calculates the angle. Repeating the cycles at
various concentrations, the association and dissocia-
tion constant can be a measure of the bio-molecular
measure. Any change in molecule numbers of biosen-
sor tips causes interference pattern shift that can be
calculated in real time as shown in Table S1.

Positive phage enrichment

The selected positive phage clones, after ELISA and
sequence analysis, were inoculated to 5 ml LB tubes
and incubated overnight at 37 °C and 250 rpm. Next
morning, 10 pl cultures were inoculated to 3 ml tubes
and were allowed to grow until ODgyy become 0.4.
Then were poured into fresh 200 ml 2 x YT medium
and 200 pl helper phages (10'°) were added, followed
by incubation for 30 min at 37 °C on standing
position. The culture was allowed to regular shaking
at 220 rpm for the next 30 min. Cells were pelleted out
at 2200 rpm centrifugation for 15 min and transferred
to a new 2 x YTAK medium (supplemented with
100 pg/ml ampicillin, 50 pg/ml kanamycin). After
incubation at 30°C and 250 rpm for 16 h,

supernatants were collected at 7000 rpm centrifuga-
tion for 15 min and selected positive phages were
precipitated out with 20% PEG/2.5 M NacCl on ice for
4 h. Phages were collected by centrifugation at
12,000 rpm and were dissolved in PBS. Cells debris
were removed with 12,000 rpm centrifugation for
10 min and the supernatant was passed via 0.22 um
syringe filter. These phages were used for single-chain
antibody expression.

PCR amplification of positive clones
and construction of a recombinant vector

The DNA sequence of full-length VH and VL regions
including linker copy of selective positive phages
were amplified by using specific primers in a thermal
cycler (Px2 Thermal Cycler, Thermo Hybaid Elect.
Cooperation, USA). Three different sets of primers
were design for the correct orientation of cloning and
transformation of selected phages. The primers were
also confirmed by NCBI database using Primer-
BLAST tools. (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) Two different sets of restriction
enzymes sites EcoR1 (15U/ul, Lot K2703AA,
TaKaRa) and Xhol (10 U/ul, Lot K2704AA, TaKaRa)
was also added to facilitate the restriction digestion.
PCR amplification was performed in 50 pl master mix
containing 1 pl of phages, 0.5 pmol of each primer
(TaKaRa), 2.5 mM concentration of each INTPs Mg™
(Lot BJI1901A, TaKaRa), 5 U/ul of DNA polymerase
(Lot KA1202DA, TaKaRa), 5 pl of 10X prime buffer
and sterile ultrapure water. The thermal cycler con-
dition was settled for one cycle denaturation for 5 min
at 94 °C followed by 35 cycles of each denaturation
for 45 s at 94 °C, annealing for 30 s at 58 °C, an
extension for 45 s at 72 °C and final extension for
10 min at 72 °C. The final products were subjected to
0.8% agarose gel and visualized by addition of
ethidium bromide and UV illuminator, and were
recovered from the gel by using gel purification kit
(TaKaRa).

The recovered PCR products were ligated to the
pMDI18-T cloning vector to generate the recombinant
cloning vector and transferred to competent E. coli
DHS5a bacterial cell. The bacterial cells were plated on
LB agar plates supplemented with 100 pg/ml ampi-
cillin at final. The integrity of transformed plasmid
was confirmed by PCR, restriction digestion and
sequencing. The digested products were ligated into
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already digested vector pET 30(+) with EcoR1 and
Xhol and transferred to competent E. coli BL21(DE3)
as shown in Fig. lc. Transformed cells were plated on
LB agar plates supplemented with 50 pg/ml kanamy-
cin, to ensure the exact transfer. The empty plasmid
was also used as a control. Single colonies were
selected and incubated overnight in LB tubes supple-
mented with 50 pg/ml kanamycin at 37 °C. Cen-
trifuge tubes were made from the overnight culture
and saved at — 80 °C in 15% glycerol also one tube
was sent out for sequence analysis to determine the
exact transfer of targeted sequences.

Expression and purification of recombinant scFv
antibodies

The transformed bacterial strain was regenerated and
transferred to 5 ml LB tubes supplemented with
50 pg/ml kanamycin and incubated overnight at
37 °C with 220 rpm shaking. The culture was poured
to fresh 200 ml LB conical flask and allowed to grow
to mid-logarithmic phase approximately for 3 h at
37 °C and 220 rpm. IPTG in a final concentration of
1 mM was added when ODggg reached 0.4-0.6 and
incubated further at 30 °C for 5 h before being
harvested. Aliquots were collected before and after
addition of IPTG for SDS-PAGE analysis using
standard protocols. After centrifugation at 4000 rpm
for 10 min, pellets were dissolved in lysis buffer
(20 mM Tris-Cl, 0.5 mM NaCl, 0.1% Triton-x100,
1 mM PMSF) and sonicated followed by centrifuga-
tion at 12,000 rpm for 15 min. Pellets were washed
three times with washing buffer (50 mM TrisCl,
0.1 M NaCl, 1 mM EDTA, 0.1% T-x100) and one
time with distilled water finally dissolved in 8 M urea
buffer solution (8 M urea, 20 mM TrisCl, 0.5 mM
NaCl). Both supernatant and pellets were saved and
aliquots were collected to determine the exact band
size position of expressed antibodies on SDS-PAGE.

Purification and refolding of recombinant scFv
antibodies

SDS-PAGE detection indicated that maximum con-
centrations of expressed antibodies were found in the
inclusive body. These were purified by affinity column
chromatography on Ni-NTA gel matrix. The column
of Ni—-NTA nitrocellulose resin (BBI Life Science)
was washed and equilibrated with washing urea buffer
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then cleared cell lysate (containing recombinant
protein) were loaded onto the column. The recombi-
nant antibodies were eluted out by elution buffer (8 M
urea, 20 mM TrisCl, 0.5 mM NaCl, 20-150 mM
imidazole) at different imidazole concentration as
20 mM, 50 mM, 100 mM, and 150 mM consecu-
tively. The fractions were collected and examined by
using 12% SDS-PAGE. Western blot analyses were
also conducted to determine the purity of expressed
antibodies. Purified protein were dialyzed against
decreasing concentration of urea buffer (8§ M, 4 M,
2 M) followed by buffer A (20 mM TrisCl, 0.5 mM
NaCl, 5% glycerol, 5% sucrose, 1% arginine), B
(20 mM TrisCl, 0.5 mM NaCl), and C (PBS 1X, 5%
glycerol, 5% sucrose, 1% arginine) for 2 h at 4 °C
using Economical Biotech Dialysis Membrane (BBI
Life Science). Final dialysis run was carried out
against PBS and products were examined by 12%
SDS-PAGE and western blot analysis.

Western blot analysis

The final purified recombinant scFv products were
separated by SDS-PAGE and electrophoretically
transferred to polyvinylidene difluoride membrane
(Bio-Rad Lab, Hercus, CA, USA) at 120 V for 90 min
in a transfer buffer. Membranes were blocked by using
5% skim milk and then incubated with anti-6xHis Tag
rabbit antibody (Cat No AB 10002, Life Science
Production and Services China) at 1:500 dilutions for
2 h at room temperature. The membranes were
washed with TBST, followed by goat anti-rabbit
IgG-HRP (Cat No HA1001; Lot No G161011,
Hangzhou HunAn Biotech Comp. China) at a dilution
of 1:1000 for 1 h at room temperature. After washing
with TBST bands were visualized using ECL detec-
tion reagents (Thermo Fisher Scientific).

Binding interaction of expressed recombinant
antibodies with PD-L1 antigen

To investigate the binding affinity of expressed
recombinant antibodies, the PD-L1 antigen with
different concentrations (0.5, 0.1, 0.01, 0.001 and
0.0001 pg/ml) was employed to 96 wells ELISA plate
and incubated overnight at 4 °C. After washing three
times with PBST, plate wells were blocked in 3% BSA
in PBS for 2 h at 37 °C. Wells were emptied and
washed 5 times with PBST. Purified soluble antibodies
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were added to wells with same different concentra-
tions and incubated for 1 h at 37 °C. Conjugated scFv
antibodies were labeled with anti-His-HRP antibody
and further incubated for 1 h at 37 °C. The remaining
methodology was followed as described above. The
binding affinities were measured by ELISA reader at
450 nm absorbance.

Immunofluorescence assay for phage and scFv
antibodies localization

Cells were seeded onto glass coverslips at 2 x 10*/ml
in regular serum containing RPMI 1640 medium and
incubated at 37 °C until 80% confluence. Cells were
washed gently and incubated overnight at 4 °C with
10'? positive phages and 1 pg/ml expressed scFvs in
separate experiments. Cells were washed three times
(5 min for each wash) with ice-cold PBS and fixed
with 4% paraformaldehyde. After washing three
times, anti-M 13 mouse monoclonal antibody (dilution
1:500) and anti-His rabbit antibody (dilution 1:1000)
were added and incubated for 1 h at 37 °C. Coverslips
were further washed 3 times with ice-cold PBS and
FITC labeled goat anti-mouse antibody (dilution
1:500) and mouse anti-rabbit antibody (dilution
1:1000) were added for 1 h at 37 °C. DAPI (dilution
1:1000) were added after three times washing (5 min
in each wash) for 10 min and coverslips were mounted
in an inverted position on the slide and were visualized
under 63 x oil immersion objective using Zeiss
fluorescence microscope (Zeiss, Germany).

MTT analysis

Cell viability analysis was calculated by using MTT
assay. The PD-L1 positive cell A549 and negative cell
MDAA453 were cultured in DMEM media supple-
mented with 10% FBS in 96 wells plate at a ratio of
1 x 10*. These cells were exposed to scFv soluble
proteins at different concentrations ranges from 1 to
0.0001 pg/ml. The cells were incubated for 72 h
followed by addition of 50 pl MTT reagent. The plates
were gently shaken and incubated up to 4 h. The
supernatant was slowly removed and propanol was
added to solubilize the formazan crystals. The
absorbance was measured and growth inhibition was
calculated using the formula:

%cell survival = [(T,—Ty)/(T. — Tp)] x 100

whereas T, was tested absorbance, T, was blank
absorbance and T, was control absorbance.

Statistical analysis

One way analysis of variance by using GraphPad
Prism 5 (GraphPad Software; Inc: La Jolla, CA)
software was used to evaluate binding affinities of
both phages and expressed scFvs. The significance
level was set at p < 0.05.

Results
Phage display bio-panning

Panning is the in vitro binding activity of antibody
fragments with targeted antigen bound to the solid
support. Before panning, recombinant phages were
separated from the soluble mixture in solution by
using 20% PEG/2.5 M NaCl. The precipitated phages
were then panned against the PD-L1 antigen. Equal or
more than 1.22 x 10" pfu of collected phages were
used for each round of panning selection. The bio-
panning cycles were repeated twice to select the high
positive phages. The bio-panning intensity was ele-
vated by increasing washing cycles with TBST for 10
and 15 times in each second and third round and
successfully enrichment of phages were obtained as
shown in Table 1. The unbound phages were elimi-
nated during subsequent washing steps in each round.
The rescued phages were allowed to infect the E. coli

Table 1 Phage enrichment rounds in the first cycle (a) and
second cycle (b) of selection from a phage library

Input (pfu) Output (pfu) Rate Enrichment
(a) First cycle enrichment

122 x 10" 4.0 x 10° 3.27 x 107°

6.55 x 10 3827 x10° 58 x 107° 17.7
456 x 10" 6.04 x 107 132 x 107 227.56
Total yield 40 x 10°

(b) Second cycle enrichment

122 x 10" 8.0 x 10° 5.92 x 107°

1.4 x 10" 2.56 x 10° 1.82 x 1077 30.74
2.7 x 10" 6.04 x 10’ 223 x 107%  1225.27
Total yield 3.76 x 10*
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TG1 at log phase and plated onto 2 x YT plates
supplemented with 100 pg/ml ampicillin. The single
plaque was collected and inoculated to 2 x YT
medium to the enriched production of targeted phages
that were further precipitated out via PEG/NaCl
solution. The output and input titers from each round
of panning were calculated and phage enrichment
intensity was accomplished in two different trial
cycles as shown in Fig. 2. Results showed elevated
output rate of 4.0 x 10° and 3.76 x 10* in both bio-
panning cycles and the enrichment ratios were 22.56
and 1225.27, respectively. The second repeated cycle
showed elevated enrichment of positive phages.

Phage specificity against the PD-L1 antigen
by ELISA and sequence analysis

Hybridoma, spleen cells and B lymphocytes can
provide mRNA construction sources by reversed
transcription for the synthesis of scFv. The diverse
and huge quantity of VH and VL gene can be created
by using these methods (Marks et al. 1991). The phage
display technique among affinity selection procedures
was found the best to display scFv fragment on phage
coat. The order of domains in scFv production can be
VH-L-VL or VL-L-VH (Ahmad et al. 2012). The
productions of the selected antibody from a specific
hybridoma are essentially the same. After successful
cloning and sequence analysis, the scFv fragments
could be directly expressed in the mammalian or
bacterial system. We purified positive phages from the
human-phage recombinant library which was previ-
ously engineered in our lab and was evaluated by using
phage ELISA. After the fourth round of bio-panning in
both cycles, 300 clones were picked randomly and

Fig. 2 Selection of anti-
PD-L1 scFv by phage
panning technology. a First
cycle of bio-panning, b the
second cycle of bio-panning.
Elevated enrichments were
counted in the third round of
selection in both repeated
cycles

(a) 1.5+

=N
o
i

Abs (450 nm)
o
T
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screened for sequence analysis to isolate the accurate
functional framework of the heavy and light chain.
Total of eight clones showed the exact orientation of
targeted heavy and light chains FR and CDR regions
without any shifted sequences due to point mutation.
NCBI-BLAST tools and Clustal 2.1 programs were
used to determine multiple sequence alignment and
homologous sequence analysis with related peptides.
Alignments results indicate highly conserved
sequences which are shown in colors and star labeled
as shown in Fig. 3a. Nucleotide sequence analyses of
both heavy and light variable regions were deter-
mined. Coding sequences of positive samples B10,
B30, B31, B36, B38, B46, B84, and B129 indicated
high accuracy and binding affinity to the targeted PD-
L1 antigen. The genetic makeups of these clones are
shown in Table 2 that indicates the total calculated
sequence analysis and also showed alignment results
with human IgG. The Clustal 2.1 analysis tool of
targeted positive sequences showed the alignment
results and indicated that four samples were of 100%
similarities as shown in Table 3, comprised of 363 bp
VH gene and 321 bp of VL gene (Figures S1 and S2).
These four similar samples were uniformly designated
as C36 for further analysis. The high degree of
mutation was calculated in V. CDR of the light chain
and also point mutation were counted that directed to
the generation of stop codon TGA in the functional
framework of both heavy and light chain in remaining
clones. These errors included clones were excluded
out after sequence analysis. The five selected positive
phages were chosen for single chain expression.
Among these only three clones, B30, C36, and B129
could only express in E. coli BL21(DH3) system to
produce highly soluble recombinant scFv proteins.

Biopanning cycle 2
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o
A
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Fig. 3 a Amino acid sequence alignment of positive phages by
Clustal Omega. Different colors represent the physiochemical
properties of amino acids. Red colors present small and
hydrophobic, Blue presents Acidic, Magenta indicates Basic,
Green shows Hydroxyl, sulthydryl and amine residues. Grey

Structural prediction of scFv fragments

The phyre2 program was used to predict the function,
mutation and structural analysis of recombinant

: et
129 PSIG_KSI-!.SIKIS

ckkkk k.

kkkokkkk k k.okkkkk k%% % %

ik kk kk kkkk

| ———
VL

colors indicate unusual amino acids. An asterisk (*) presents
conserved residues in scFv. b Structural configuration of
selected positive scFvs by protein modeling software Phyre?2.
Models show linkers connection with VH and VL regions of
(1) B30, (ii) C36 and (iii) B129 scFv sequences

antibodies (Kelley et al. 2015). These web portal
analyses calculate ligands binding sites and analyze
amino acids variants effects. All results showed
100.0% confidence by the highest scoring template.
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Table 2 Total sequence

Sample ID Sequences (bp) HC region LC region
analysis of positive phages

38, 46, 36, 10 756 humIGHV034 humIGKV087

129 741 humIGHV217 humIGKV083

30 741 humIGHV039 humIGKV026

31 756 humIGHV034 humIGKVO051

84 732 humIGHV062 humIGKV098

Table 3 Alignment score of positive phages by Clustal 2.1 analysis

Alignment score Alignment score

Alignment score Alignment score

Sequences (10:30): 65.83
Sequences (10:31): 65.83
Sequences (10:36): 65.83
Sequences (10:38): 65.83
Sequences (10:46): 65.42
Sequences (10:84): 63.49
Sequences (10:129): 63.18

Sequences (30:31): 100
Sequences (30:36): 100
Sequences (30:38): 100
Sequences (30:46): 92.46
Sequences (30:84): 73.06
Sequences (30:129): 71.31
Sequences (31:36): 100

Sequences (31:38): 100

Sequences (31:46): 92.46
Sequences (31:84): 73.06
Sequences (31:129): 71.31
Sequences (36:38): 100

Sequences (36:46): 92.46
Sequences (36:84): 73.06

Sequences (36:129): 71.31
Sequences (38:46): 92.46
Sequences (38:84): 73.06
Sequences (38:129): 71.31
Sequences (46:84): 70.61
Sequences (46:129): 70.49
Sequences (84:129): 72.54

The tool SuSPect in the Phyre2 analysis has been used
to calculate the possible mutation sites in query
proteins. SuSPect results indicated a balanced accu-
racy of > 80% on the large benchmark test. Results
indicated that 228 residues (90% of B30, C36) and 233
residues (90% of B129) have been modeled with
100.0% confidence by the single highest scoring
template with balanced accuracy > 80% as shown in
Fig. 3b, and indicated the exact position of the linker
between VH and VL variable regions. Some research-
ers reported that scFv fragments possess low affinity as
compared to parental whole antibody and form
complexes of dimers, trimmers or aggregates (Borre-
baeck et al. 1992). The linkers usually have 10-25
residues of amino acids but with 10-15 residues of
amino acids showed no aggregates formation. If the
linker length is further reduced one or two glycine
residue, the formation of dimers will also be prevented
and may show high potency (Atwell et al. 1999).

Selection of positive clone enrichment and affinity
analysis

After three rounds of both bio-panning cycles and
sequence analysis, selected clones were incubated in
200 ml of 2 x YT medium supplemented with
100 pg/ml ampicillin and phages were amplified as

@ Springer

described in methodology. The enriched phages were
tested by ELISA using anti-M13 antibody. ELISA
results showed that rescued phages were of high
affinity with PD-L1 protein as shown in Fig. 4a. The
affinity constant was determined by using surface
plasmon resonance as shown in Table S1. The
recombinant phage dose was observed in the coated
channel with the association (K,), dissociation rate
(Ky) and affinity constant (Kp). The results indicated
that phage scFv exhibited strong binding affinity and
stability against the PD-L1 antigen. The phages were
further processed for antibody production. At a
different concentration of targeted antigen, the binding
affinity was calculated for tested phages as shown in
Fig. 4b. The maximum binding affinity was found at a
concentration of 15 pg/ml of antigen through ELISA
determination.

Recombinant formation and expression of scFv
antibodies

Primers were designed to maximize the cloning and
recombinant formation of targeted sequences and
evaluate their expression. The predicted band size of
selected phages after amplification and recombinant
formation was calculated and separated by using 1%
agarose gel as shown in Fig. 5a, b. Single bacteria
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Fig. 4 a ELISA results showed the binding specificity of
phages and PD-L1 antigen. All tested samples have binding
specificity but only eight clones (B10, B30, B31, B36, B38, B46,
B84, and B129) were chosen after ELISA and sequence
analysis. Three samples (B30, C36, and B129) were further
processed for scFv expression after the successful construction

Fig. 5 Gel electrophoresis
of positive selective phages.
a PCR polymerization
results by primers using
positive selective phages of

(a) o

interest. b Enzyme digestion 1000
products by using EcoR1 800
and Xhol to produce 600
cohesive ends.
M. Molecular marker
(b)
1000
800
600

clone was picked and sequenced by Sangon Biotech.
The recombinant expression vector was developed by

0.4+
-o- 30 ug/ml
- 15 ug/ml
0.34
-+ 10 ug/ml
-+ 1 ug/ml
0.24
0.1+

O.C L) ] ] ] ) ) )
A A S

Positive phages

of a recombinant vector. OD: optical density. b The binding
affinity of eight positive phages with different concentration of
PD-L1 by ELISA. PD-L1 protein was coated at different
concentration in 96 wells plate and phages (10'%) were added as
the primary antibody. BSA was used as a control for non-
specific binding

S

&
)

M B30 C36 B129

insertion of targeted sequences into pET 30(+4) vector
and was confirmed by restriction enzyme digestion
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and sequence analysis. The sequences were further
analyzed by using NCBI-BLAST tools. pET30 (+)
vector comprised of 6x-His DNA marker that facili-
tates purification via Ni-NTA affinity chromatogra-
phy (Hochuli et al. 1987, 1988). The recombinant
expression vector pET30 (+) was transferred to E. coli
BL21 (DE3) for expression. E. coli BL21 accom-
plished targeted protein expression by using T7
promoter and T7 RNA polymerases under control of
lacUVS5 promoter region. These are induced by using
IPTG (Rosenberg et al. 1987; Studier and Moffatt
1986). After sonication and centrifugation, the prod-
ucts were loaded on polyacrylamide SDS-PAGE to
determine the estimated molecular weight of about
33 kDa as shown in Fig. 6. Maximum expressions
were recorded in inclusion bodies and were further
purified by excessive washing with a urea solution to

facilitate the removal of contamination. The soluble
inclusion bodies were loaded to Ni-NTA column to
elute the final pure products. It was found that
maximum protein was eluted with 50 mM and
100 mM imidazole concentration. The eluted proteins
were followed by refolding.

SDS-PAGE and western blot analysis

The anti-PD-L1 scFv purified above were identified by
SDS-PAGE and western blot analysis. The gels were
stained with Coomassie brilliant blue after gel elec-
trophoresis and were photographed through a gel doc
system. Purification analysis of positive scFv antibod-
ies is indicated in Fig. 6a. The migration results of a
single protein band on SDS-PAGE analysis predicted
that purified products of the high purity of single chain

(a)
kpaM 1 2 3 4 6 6 7 8 ypa M 1 2 3 4 6 6 T 8
L
.-
43 43|
33| . r— |
3 g
L] .
(il). c36
KDa 4 65 6 7 kDa M 1 2 3 4 B30 B129 M C36
S d —— po—
— L]
- -
43 43 s | —— -
33 --"‘33—- 8——\._-
- .~
' - o —
(iii). B129 (iv) W)
(b) o © >
& o Pl
- S B | AnipDLtscFv
Anti-His + + +

Fig. 6 SDS-PAGE and western blot analysis of selected
positive anti-PD-L1 scFvs expressed in E. coli BL21 (DE3).
a (i) represents expression and purification of scFv-B30, (ii)
shows the expression and purification of scFv-C36 and (iii)
represents expression and purification of scFv-B129. M
represents molecular marker, 1 indicates the expressed proteins
after sonication and lyses, 2—4 show washing of column via urea
solution, 5-8 represents eluted products at different
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concentrations of imidazole (20 mM, 50 mM, 100 mM, and
150 mM). a (iv) Represents the expression model of scFv. 1
represents expression without IPTG, 2 represents with IPTG, 3
shows expression in the supernatant, 4 represents expression in
inclusive bodies. B30, B129, and C36 represent the final purified
products after column purification and dialysis. b Represents
bioactive confirmation of expressed purified scFvs with anti-
6xHis Tag Rabbit antibody
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recombinant antibodies with an exact molecular mass
of about 30-34 kDa. Western blot analysis also
showed the active bioactivity and verification of
expressed proteins as shown in Fig. 6b. An apparent
band signal was detected at appropriate molecular
weight for expressed proteins. The yield was calcu-
lated by using a standard BCA kit and was estimated
1 mg/ml by absorbance of 450 nm.

However, it was also reported that a high level of
protein expression in E. coli often obtained in
inclusion bodies including insoluble aggregates
(Moore et al. 1993). We further endure the purifica-
tion, washing and refolding procedure to isolate
targeted pure protein. We performed additional steps
of washing the inclusion bodies with urea solution to
eliminate the impurities. The soluble proteins after
denaturation were applied to Ni-NTA column for
additional purification. After column purification, the
purified proteins were processed to refolding with
continuous washing steps which are the most prevalent
one (Amons and Schrier 1981; Wingfield et al. 2014;
Winkler and Blaber 1986). Finally, the refolded anti-
PD-L1 scFv was concentrated out by using 20000 PEG
by yielding 2 mg/ml products and were filtered.

Binding affinity determination of expressed
antibodies

In order to examine the binding affinity and selectivity
of expressed scFv for PD-L1 protein, we performed
indirect competitive ELISA, western blotting, and
immunofluorescence analysis to test the activity of
scFv recombinant antibody with PD-L1. Results
showed that scFv A30, C36, and A129 have high
affinity with targeted antigen suggesting that these
antibodies have high activity against PD-L1 positive
tumor cells as reported in western blot analysis
(Fig. 6b) and icELISA (Fig. 7). These results revealed
the exact orientation of recombinant protein formation
by using the pET system. According to the selection
procedure, the most prominent positive clones were
selected to perform the immunofluorescence assay
against tumor cells to additionally confirm the binding
specificity of expressed scFvs antibodies as shown in
Fig. 8a. The fluorescent signal was detected on the
surface of PD-L1 positive cells and no fluorescent was
observed on surfaces of negative cell lines. The direct
binding affinity of targeted phages was also calculated
by confocal microscopy as shown in Fig. 8b.

-+ 36

Abs (450 nm)

scFv antibody con. (ug/ml)

Fig. 7 Binding affinity of expressed proteins with PD-L1
antigen. ELISA results showed interaction between expressed
scFvs with PD-L1 at different concentrations of both PD-L1
antigen and scFv expressed proteins (0.0001, 0.001, 0.01, 0.1,
0.5 pg/ml)

In vitro activity analysis

Cytotoxicity studies revealed that anti-PD-L1 scFvs
have high toxicity against PD-L1 positive cancer cell
lines A549 as compared to negative cells, MDA453.
The expressed scFvs-PD-L1 was tested against differ-
ent cancer cells and activities were checked by MTT
analysis. The significant killing was recorded against
A549 cells and less activity was found against
MDAA453 cells as shown in Fig. 9. The cytotoxicity
was dose-dependent, and the percentage of growth
inhibition was increased with the concentration of
tested scFvs expressed proteins. The viability of A549
cancer cells was decreased after 72 h of incubation
with anti-scFv (C36) as compared to two others scFvs
with an increase of concentration up to 1 pg/ml. The
toxicity effects against MDA453 were almost negli-
gible and cells were allowed to grow freely in the
presence of scFv. In this experiment, we found that
blockage of PD-L1 by scFv proteins alone can cause
the cell-growth arrest and cell death in PD-L1 positive
A549 cells. This may be due to the intrinsic PD-L1
signals which exert oncogenic effects in cancer
development. These antibody fragments may provide
promises to enrich the efficacy of therapeutic PD-1/
PD-L1 checkpoint inhibition alone or in combination
with other immunotherapeutic approaches.
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(a) scFv expressed proteins binding

Fig. 8 Immunofluorescence analysis of anti-PD-L1 scFv
expressed proteins and phage particles. The figure shows
confocal microscopy results of a newly generated anti-PDL1-

Discussion

Immunotherapy has emerged a promising approach to
detect and fight efficiently with cancers for several
decades. These therapies include inflammatory agent
injections, stem cell transplantation, vaccination,
cytokines administration, immune checkpoint inhibi-
tions, vaccinations, and others. However, until now
efficacy of immunotherapy become restricted due to
limited efficacy and elevated toxicities. Efforts are
carried out to investigate agents that limit toxicity and
selectively activate immune components that fight
cancers. The monoclonal antibody has emerged as a
promising approach for treating immune checkpoint
inhibition in numerous malignancies (Muller et al.
2017; Robert et al. 2015; Vozy and Zalcman 2015).
Monoclonal antibody production is more costly and
acquired genetic maintenance of unstable hybridoma
cell cultures. Additionally, these antibodies can lead to
phagocytosis or fixation with the interaction of Fc
domains by immune responses which create obstacles
in investigational results and interfering with thera-
peutic effects (Chames et al. 2009; Hansel et al. 2010;
Kalim et al. 2017b). It was examined to developed
smaller antibody fragments to overcome related full-
length antibodies problems (Holliger and Hudson
2005).
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(b) Phage direct binding analysis

ECD antibody that ratifies the bioactive conformation and
specificity of recombinant anti-PD-L1scFv expressed proteins
(a) and direct binding of positive phages (b)

Recently, cancer targeted therapy has become one
of the prominent hotlines in tumor eradication therapy.
Highly specific carrier molecules are in practice to
specifically deliver anti-tumor loaded drugs to target
sites (Velasco-Velazquez et al. 2014). Small peptide
molecules may act a most vital source of the carrier
due to high specificity, structure simplicity, easy
manipulation and solid penetration ability to tumor
cells (Bastien et al. 2015). The most advantageous
factor of phage display technology is that it recognizes
the genotype and phenotypes binding and no need for
its structural evidence in advance (Kaplan and
Gershoni 2012; Silacci et al. 2005). So, it is conceiv-
able to acquire the amino acid sequence indirectly by
the recombinant formation and sequence analysis of
positive phages clones followed by screening proce-
dure. In the current study, we developed high phages
enrichment environment and construct prokaryotic
recombinant vector system to express the variable
regions, a comprehensive foundation for further
research in antibodies production and a carrier tool
for loaded drug and chemicals. The expressed anti-
bodies showed active binding affinity and also effec-
tive inhibition properties against PD-L1 positive
cancer cell lines. The positively expressed scFv
obtained presented the highly promising application
in recognition of PD-L1 antigens in cancer therapy.
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Invitro activity analysis

Fig. 9 Cell cytotoxicity analysis of expressed scFv-PD-LI.
a shows cell activity against A549 cells after 72 h of induction in
96 wells plate and b shows graphical analysis of cell viability by

The binding affinity and assembly of anti-PD-L1
scFv by using human synthetic phage library were
determined. The high-affinity titer was eluted by bio-
panning and successively enriched by counter infec-
tion of E. coli TG1. From third rounds of both cycles,
300 clones were selected for sequence analysis. The
precise and accurate genetic framework of selective
positive clones were chosen and analyzed further for
binding affinity with PD-L1 antigen. Eight clones
(B10, B30, B31, B36, B38, B46, B84 and B129)
showed the best activity. Four (B10, B36, B38, and
B46) of these were of exact sequence similarities so
named C36. Three samples B30, C36 and B129 were
chosen for soluble expression. All these were suc-
cessfully cloned by using recombinant technology
techniques to develop recombinant vector and were
transferred to E. coli BL21 (DE3) system. The
maximum expression was recorded in inclusion bodies
same as reported by others studies (Choi et al. 2004;
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using three expressed scFv proteins (B30, C36, and B12) at
different concentrations against A549 cells

Kalim et al. 2017a; Lombardi et al. 2005; Wang et al.
2010). Further washing steps successively decrease
the impurities and purified by affinity column chro-
matography using Ni-NTA column. Single isolated
bands by using SDS-PAGE predicted our results
purity.

The functionality of recombinant scFv samples was
evaluated by western blot analysis, direct ELISA and
immunofluorescence detection to determine the
prominent binding specificity and bioactivity. The
generated scFv products were able to identify the
receptor sites present positive results. The direct
inhibition approach of scFv was also determined to
evaluate the functional in vitro activities. In our
experiment, we found that blockage of PD-L1 by scFv
proteins alone can inhibit cell growth and cause cell
death in A549 cells. So far, most studies have focused
on PD-L1 and PD-1 interactions over T cell regulation
but few have paid attention to intrinsic PD-L1 signals.
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It was suggested that intrinsic PD-L1 might exert an
initial oncogenic effect in cancer development and
plays an important regulatory role in cancer cell
growth, proliferation, apoptosis and metastasis (Es-
cors et al. 2018). Recently, Chen’s group demon-
strated that overexpression of intrinsic PD-L1
promoted GBM cell proliferation via Ras/Erk/EMT
mechanisms and the knockdown of PD-L1 abolished
GBM development and invasion in vitro and in vivo
(Qiu et al. 2018). It is reported that the intrinsic PD-L1
may also play important oncogenic roles in other types
of cancer such as melanoma, gastric cancer, pancreatic
cancer and lung adenocarcinoma (Clark et al. 2016).

Taken together, the growing evidence supports that
PD-L1 itself can enhance tumor-cell proliferation
besides it binds to PD-1 and results in T cell
inactivation. The blockade of PD-L1 by scFv proteins
can inhibit cell growth and eventually induce cell
death. Various studies reported more complex meth-
ods to obtain scFv products and often functionally not
sufficient (Visintin et al. 1999). Thus overall results of
the expression, purification and refolding and binding
strategies confirm the constancy of our expressed
scFv. The utilization of expressed antibody by using
phage display technology provides a basis for direct
inhibition of tumor cells in cancer therapy.

Conclusions

It is still a bottleneck problem to prepare high-quality
antibodies by immunoassay methods. In present
studies with PD-L1 as a target antigen, scFv antibodies
were successfully engineered and efficiently
expressed in E. coli system. The inclusion bodies of
anti-PD-L1 scFv were purified by using Ni-NTA
affinity column chromatography in an effective man-
ner. The synthetic scFv antibodies possessed appro-
priate antigen recognition sites for its bioactivity and
sensitivity. The work suggested that these recombi-
nant single chain antibodies can be utilized as a potent
carrier to transport anti-tumor drugs and chemicals to
cancer cells. These fragments can be utilized as a
carrier source in designing of ADC to eradicate tumor
or can be directly used to block the pathways in an
immunoassay. The positively expressed scFv obtained
presented the highly promising application in recog-
nition of PD-L1 antigens in cancer therapy and can
eradicate hurdles associated with other polyclonal
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antibodies of penetration in tissues and cells. The
kinetic affinity of expressed scFv showed that these
particles possess stable binding with the PD-L1
antigen. Therefore the scFv can be used as an
alternative for monoclonal antibody and will serve as
an effective carrier tool for various immunotherapy
studies.
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