PRODUCTION AND CHARACTERIZATION OF
ESCHERICHIA COLI OUTER MEMBRANE VESICLES
DISPLAYING ANTI-MUC1 SINGLE-CHAIN VARIABLE
FRAGMENT VIA SPYTAG/SPYCATCHER SYSTEM

Mr. Sedthawut Laotee

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science in Pharmaceutical Sciences and
Technology
Common Course
FACULTY OF PHARMACEUTICAL SCIENCES
Chulalongkorn University
Academic Year 2021
Copyright of Chulalongkorn University



E4
a 1

i1 Y H
MIHAALAE MILTAIANEUZYBINIBoRNTULBNVD LMY Te In lanlisudiundlsiuae

A 1 a A [ <] 4
Lﬂﬂ?@]@ﬂ?“ﬁuﬂuW']L!ig’UUﬁ'“]J'lfJL!Wﬂ/ﬁ‘]J']fJLLﬂVILG]fﬂi

WA AN

a a (dy I J & = @ a v A
neninusiiludiunilvesmsanmamundngasiSyaninnmansuniiuda
a % 4 = ' o a = 3
amsndymaaiuazmalulas hidetanmain/ e
AMZINFYMAAT PNDINTAINMINED

Imsdau 2564

4
aﬂlﬁﬂﬁﬂlﬂﬂﬂw1ﬂﬂﬂiﬂi}mﬁ13ﬂmﬂEJ



Thesis Title PRODUCTION AND CHARACTERIZATION OF
ESCHERICHIA COLI OUTER MEMBRANE VESICLES
DISPLAYING ANTI-MUC1 SINGLE-CHAIN VARIABLE
FRAGMENT VIA SPYTAG/SPYCATCHER SYSTEM

By Mr. Sedthawut Laotee

Field of Study Pharmaceutical Sciences and Technology
Thesis Advisor WANATCHAPORN ARUNMANEE, Ph.D.
Thesis Co Advisor NONTHANETH NALINRATANA, Ph.D.

Accepted by the FACULTY OF PHARMACEUTICAL SCIENCES, Chulalongkorn
University in Partial Fulfillment of the Requirement for the Master of Science

Dean of the FACULTY OF
PHARMACEUTICAL SCIENCES
(Professor PORNANONG ARAMWIT, Ph.D.)

THESIS COMMITTEE
_________________________________________________________ Chairman
(Assistant Professor CHATCHAI CHAOTHAM, Ph.D.)
________________________________________________________ Thesis Advisor
(WANATCHAPORN ARUNMANEE, Ph.D.)
________________________________________________________ Thesis Co-Advisor
(NONTHANETH NALINRATANA, Ph.D.)
________________________________________________________ Examiner
(Assistant Professor JITTIMA LUCKANAGUL, Ph.D.)
External Examiner

(PINPUNYA RIANGRUNGROJ, Ph.D.)



i1 E ! Yy
g Al andi - mskdaauamsuaasdnbazvesgueutuuenveuemyeiteln laiiiudu
mlsfumeiderdeiiuiuruszuumhouiin/ahouanyes. ( PRODUCTION AND

CHARACTERIZATION OF ESCHERICHIA COLI OUTER
MEMBRANE VESICLES DISPLAYING ANTI-MUC1 SINGLE-
CHAIN VARIABLE FRAGMENT VIA SPYTAG/SPYCATCHER

SYSTEM) o.iifSnumdn © 0. as.niams egawdl, o.if5nw1iw & e, an. as.uusisme

a o ¢
wausau
< : 4 A 9 ~ o vy v an A !
FunanimassyigutequsuuennnedyesiFela laldgnduny quauidnausy anua
v ' a aa < - L, g qy 4 9 I ° /9 ¥
fge anudelumswaa vazquavialumsdumsdsugns reniuldgutedusunengmirliszgnald

v ' o ' ] < ' { o s
Turateaiu 1wy Jadu arsyeliveudivtazszuvvuaIaIsIva1Inale 910I5NITNNTITBATIZHAINTD

A 9 ¥ a A4 g

° ] = a A an a a
‘I/lﬂ“HENLfJ ‘Vill“]fl.!l.!?)ﬂlJmiu?fﬂﬂﬂiﬂui]mﬁﬂmrm@ ﬂ’JEJﬂﬁL!,’dm@?Jﬂmaﬁiﬂiﬂugﬂwﬁuﬂlﬂﬂﬂi@lmfhﬁlﬂ&l

A . .
fuldsAuiiegiiderfudunen edralsdmuldsauiiilassadududousinlisnsognussylidiquiedu
d y A aa T o o v o ¥ Yo o Y Y aad
Funonld iesninlunuaiize lilimsaamlasTuanandimsaeasia auiuneauzdiaiildiaueisn

a4 4 9 & v 79 9 4 A a
azanlumsuaasesnlilsAunvainnarsluguiedusuuen aremsilszynd 199 sz DuFeuseN19FIING
4 2 ¢ 4 9 Ao ¢ A a g 9a s
Fonatheuiin/mhouanyes guberfusuueniidunsizinnensesiFolnlagnraaliaamhouanyesru
szuuuaaseenuuiawas LPP'OMpPA (OMVs:Lpp'OmpA-SpyCatcher) rionageuduuun

) 4 v H v
voan1san lUsAuIuguisfusuuen Fudiumlsiumunerdoiizuineia SM3 degnldniseadh

A A a o Y yy A Y o a = o <
waduzisanimsuaaseenvesiidguiuiu ldgndenudninnndalugduuvveslilsAugnuauiuaieunn
(SpyTag-SM3) luwadselivesnyuenaaeiaaiinsaautasluanandinisoeasiasleiusy la

. .o ,

FaTrdienymihivessudiunlsdumeaRoddenan mendaimswanatheuiineziiaiuse lo TmIng
pg19309 lanazdundulildduaouaniyefdaiildaruisade SpyTag-SM3 1411
OMVs:Lpp'OmpA-SpyCatcher 1& 11nnisasisasuals Western blot wusransadudu
o a o 2 A Py o a A 9 3 | VY a ¢
MauvewaatusinInmsreuas Id audnvazmualinmenmveguiofusuueniignieuse Idgnims iz
a20 Dynamic light scattering uaz Transmission electron microscope sinnmisdaaru

a Y o q9 "o a 4 9 g 4 a ¥ ao I3 o a
TilsAu SM3 wusih ldnunduguinewesgutedusuueniignaatiulianyuziluge lviunsanauuas il

v r

yua 103.77 vluwas wennminauzdiamaimsasududwmisvesllsdu SM3 vuivesgabe

Z H ' A
Hudunen 18 lasl$i5 s ziinsesiumsdesves proteinase K waznnwanagounissudersadnd

v v H

msuaaseenvesinzuiu (MCF-7) 1dsldiiudnnuansalumsivvesyudiunlsduaofoideii
o a oA 4 LA Aoy P44 vy,
Futuriia SM3 hignuaaseguuimivesgubeusuueniigniouss anraajlseauildivaueszuums

N H ! v v H
anuaslusAundSulaeu 1dhevugubeduiuuenasamnsoti 15l uszuusudeoilinnuumg sz e

wad ld
a [ o = A d’ an
TN wdremansuazmalulad aeiloroian
Fnsdinu 2564 103050 0. NUTABINEN eeeeeeeeeeeeeeeeeeeeeennnn.



# # 6270033833 : MAJOR PHARMACEUTICAL SCIENCES AND TECHNOLOGY
KEYWORD: Outer membrane vesicle, Mucin 1, SpyTag/SpyCatcher system, Single-
chain variable fragment, Targeted drug delivery system
Sedthawut Laotee : PRODUCTION AND CHARACTERIZATION OF
ESCHERICHIA COLI OUTER MEMBRANE VESICLES DISPLAYING ANTI-
MUC1 SINGLE-CHAIN VARIABLE FRAGMENT VIA
SPYTAG/SPYCATCHER SYSTEM. Advisor: WANATCHAPORN
ARUNMANEE, Ph.D. Co-advisor: NONTHANETH NALINRATANA, Ph.D.

Outer membrane vesicles (OMVs) secreted from Gram-negative bacteria have been
discovered for a decade. Special features like high stability, ease of production, and intrinsic
adjuvanticity highlight the use of OMVs in diverse applications such as vaccination,
bioimaging, and multifunctional delivery systems. Synthetic biological approaches can
functionalize OMVs to present heterologous proteins by expressing genetic fusion of target
protein to outer membrane proteins. However, complex proteins cannot be incorporated into
the OMVs due to lack of some post-translational modifications in bacteria. Herein, we
demonstrated a convenient method for presentation of versatile proteins in OMVs with the
implementation of the bio-ligation system called SpyTag/SpyCatcher system. OMVs derived
from Escherichia coli were generated to anchor SpyCatcher via Lpp’OmpA surface display
system (OMVs:Lpp’OmpA-SpyCatcher). To test the proof-of-concept, anti-MUC1 single-
chain variable fragment (scFv) clone SM3 which previously used in targeting MUCL1-
presenting tumor cells was chosen and produced as a fusion with SpyTag (SpyTag-SM3) in
CHO-based expression system. This system provides disulfide linkage processes to maintain
its function. Upon mixing, SpyTag simultaneously performs an irreversible isopeptide bond
with SpyCatcher resulting in coupling of SpyTag-SM3 onto the surface of
OMVs:Lpp’OmpA-SpyCatcher. The conjugation of two proteins on OMVs was confirmed
by Western blotting. Physiochemical characterizations of conjugated OMVs were also
analyzed by Dynamic light scattering and Transmission electron microscope. Despite
attachment of anti-MUC1 scFv SM3, the morphology of conjugated OMVs was spherical
lipid vesicles with the size of 103.77 nm. In addition, the localization of scFv SM3 was
observed on the surface of the OMVs as evaluated by proteinase K protection assay.
Furthermore, the result of binding analysis towards MUC1-presenting cell (MCF-7)
indicated the binding of anti-MUC1 scFv SM3 displayed on the conjugated OMVs. As a
result, this study provides a flexible protein decoration system in OMVs that can be used in
targeted drug delivery system.
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CHAPTER |
INTRODUCTION

Outer membrane vesicles (OMVs) are spherical vesicles with bilayer structure
of bacterial outer membrane. As reported by previous studies, diameter size of OMVs
is ranging from 20 to 200 nm depending on species of bacteria (1, 2). OMVs are
generated by budding of outer membrane from Gram-negative bacteria using unclear
mechanisms (3). Generally, roles of OMVs are involved in bacterial communication,
bacteria-host interaction, triggering biofilm formation, delivery of toxins, horizontal
gene transfer, stress responses and so on (4, 5). Common components in OMVs are
included of lipopolysaccharide (LPS), outer membrane proteins (OMPS), periplasmic
proteins, lipids, and nucleic acids (3). Because of some biomolecules in OMVs such as
LPS, virulent factors, and toxins, naturally-secreted OMVs from pathogenic bacteria
can serve as a vaccine against parental bacteria (6). For example, a multi-component
vaccine including Neisseria meningitidis-derived OMVs has been approved by United
States of Food and Drug Administration (U.S. FDA) to control serogroup B
meningococcal disease in a combination with other three purified compounds from N.
meningitidis named as ‘4CMenB’ or ‘BEXSERQ’ (7). This highlights an attractive use

of OMVs as a vaccine platform.

Among nano-sized particles available in the present, outer membrane vesicles
(OMVs) feature superior advantages to utilize in several applications including high
stability, ease of production, and built-in adjuvanticity (8, 9). Apart from native OMVs,
OMVs from non-pathogenic bacteria can be modified to carry heterologous proteins
using genetic engineering approaches. These bioengineered OMVs have been utilized
in diverse applications such as a vaccination, a delivery platform of a wide variety of
molecules, and a bioimaging (10-13). Incorporation of heterologous proteins in OMVs
relies on a genetic fusion of target protein with periplasmic signal peptides such as
signal peptide of outer membrane protein A (OmpA), or outer membrane-associated
proteins such as cytolysin A (ClyA) and hemoglobin protease (Hbp) (14-16). On the
other hand, packaging target protein into OMVs using these previous carriers is limited

for proteins that suits to bacterial expression. Owing to lack of post-translational



modifications including glycosylation and disulfide linkage, target proteins that require
complex modifications have to be expressed together with production of OMVs
resulting in loss of native structure and function. Hence, development of a method for

presentation of various proteins in OMVs is challenging.

To overcome this problem, separated production of OMVs and target protein is
preferably performed followed by joining them together via bio-conjugation. One of
the protein-protein ligation methods is the SpyTag/SpyCatcher system which is a bio-
ligation system consisting of SpyTag, a 13 amino acid peptide, and 15 kDa protein,
SpyCatcher, previously derived from fibronectin binding protein (FbaB) of
Streptococcus pyogenes. These two protein partners can form simultaneous linkage
through an irreversible isopeptide bond that remains stable in various conditions.
Additionally, SpyTag and SpyCatcher can be genetically fused to proteins of interest at
N-terminus, C-terminus, and internal positions (17, 18). These advantages prompted
researchers to apply them in heterologous protein decoration on variety of nanoparticles
such as virus-like particle (VLP), Gram-positive enhance matrix particle (GEM), and
yeast ghost shell (19-21).

To validate the proof-of-concept of this decoration system and enhance
functionality of our bioengineered OMVSs, we aimed to generate cancer-targeting
OMVs by decorating OMVs with an antibody fragment against cancers. Mucin 1
(MUC1) glycoprotein was chosen as a target molecule for targeting cancer cells as it is
overexpressed and has altered glycosylated pattern in several cancer cells including
breast cancer, colon cancer, and pancreatic cancer (22, 23). Also, previous report
demonstrated that MUCL enables internalization of drugs upon binding with drug-
conjugated targeting molecule (24, 25). As these reasons combined, MUC1 is
potentially serving as a target for drug delivery in cancer therapy. Several monoclonal
antibodies targeting cancer-associated MUCL1 were identified such as HMFG-2 and
SM3 (26, 27). Even though anti-MUC1 antibody clone SM3 showed lower affinity to
MUC1 epitope compared to HMFG2, it exhibited weak interaction towards normal
cells and benign tumor while HMFG2 still reacts to normal cells supporting the use of
anti-MUCL1 antibody clone SM3 as MUC1-targeting molecule (28).



Production of MUC1-targeting OMVs was conducted by conjugation of OMVs
presenting SpyCatcher and SpyTag-fused anti-MUC1 antibody clone SM3. SpyCatcher
was incorporated into the Escherichia coli-derived OMVs via a genetic fusion of
Lpp’OmpA. The Lpp’OmpA system is well-known bacterial display system consisting
of the first nine amino acid of E. coli major lipoprotein and E. coli outer membrane
protein A (OmpA) residue 46 - 159 (29). This system was utilized for heterologous
protein display in numerous applications (30-32). Expression of SpyTag-fused single
chain variable fragment (scFv) derived from anti-MUC1 antibody clone SM3 was
performed in CHO-based expression system that provides disulfide bond formation to
retain its structural integrity (33). After purification processes, SpyTag-fused anti-
MUC1 scFv clone SM3 was coupled to OMVs presenting SpyCatcher. Subsequently,
the bio-ligation reaction was confirmed, and physiochemical properties of the
conjugated OMVs were characterized. Next, presence of anti-MUC1 scFv clone SM3
on the surface of the OMVs was validated and binding activity against MUC1-
presenting cell was verified. Our study will benefit versatile protein decoration in
OMVs development and OMVs-based cell-specific drug delivery.

Research question

Can recombinant anti-MUC1 scFv (SM3) be attached on the surface of E. coli-

derived outer membrane vesicles via SpyTag/SpyCatcher system?
Objectives

1. To produce outer membrane vesicles from E. coli displaying anti-MUC1

scFv (SMQ) via SpyTag/SpyCatcher system

2. To characterize physicochemical properties of outer membrane vesicles
from E. coli and validate the presence of anti-MUC1 scFv (SM3) on the surface

of the vesicles



Hypothesis

Recombinant anti-MUC1 scFv (SM3) can be attached on the surface of E. coli-

derived outer membrane vesicles utilized by SpyTag/SpyCatcher system.
Expected benefits

This study provides a convenient method for decoration of versatile proteins on
E. coli-derived outer membrane vesicles that can be used as a targeted drug delivery

system.



CHAPTER Il
LITERATURE REVIEW

1. Bacterial outer membrane vesicles
1.1. Biogenesis and pathogenic functions

Outer membrane vesicles (OMVs) are a non-replicative nanoscale spherical
proteoliposome secreted by Gram-negative bacteria. The size of OMVSs is ranging
around 20 to 200 nm depending on species of bacteria. A unique characteristic of OMVs
is a bilayer structure that is derived from outer membrane of parental bacteria. Common
constituents found in OMVs are outer membrane-associated compounds such as LPS,
OMPs, periplasmic contents, lipids, nucleic acid, and virulence factor (1-4).
Mechanisms of OMVs generation are complex and remain unclear (34). One of the
purposed mechanisms is loss of linkages between outer membrane and peptidoglycan
mediated by lipoproteins that can initiate bulging of outer membrane resulting in OMVs
vesiculation (35, 36). This model is elucidated by increase of OMVs production in
mutant E. coli, Salmonella spp., and Acinetobacter baumannii that lacks outer
membrane protein A (OmpA) (4). OmpA is known to involve in crosslink of
peptidoglycan and outer membrane, so an absence of OmpA affects decrease of the
crosslink leading to increased OMVs production (37). As well as lipoproteins, lipid-
binding molecules have been studied to be involved in OMVs release. For example,
Pseudomonas quinolone signal (PQS), an LPS-binding molecule, can alter LPS
expansion symmetry triggering OMVs production. However, this assumption is limited
to Pseudomonas aeruginosa, suggesting a specie-specific mechanism of OMVs
generation (38). Biological functions of OMVs take place in numerous bacterial
activities including bacterial physiology, bacterial communication, nutrient acquisition,
horizontal gene transfer, and stress responses (1-4). For instance, in response to stresses
caused by accumulated misfolded proteins, bacteria transport those proteins into the
OMVs and drive secretion of the vesicles to reduce intracellular turgor pressure (figure
1) (39). Apart from removal of protein waste, bacterial OMVs also play an essential
role in pathogenesis by delivering toxin and virulence factors to host cells (5, 34). In

addition, OMVs could interact with the host cells causing unmiserable events such as



morphology change, induction of inflammatory responses (2). As previously discussed,
OMVs can internalize into host cells via diverse mechanisms including endocytosis
mediated by clathrin or caveolin, lipid raft, and membrane fusion. Importantly, OMVs
can mediate epithelial cells and pass over epithelial barrier resulting in recruitment of
immune-related cells (figure 2) (40). It has been known that LPS contained in OMVs
is considered as pathogen-associated molecular pattern (PAMP) which can be
recognized by pattern recognition receptors (PRRs) in immune cells (1-5). As a result,
the effects of OMVs in host cells after internalization to submucosa site have been
intensively discussed. For example, OMVs from N. meningitidis can activate
neutrophils to produce inflammatory cytokines including tumor necrosis factor alpha
(TNF-a), interleukin 1 beta (IL-1p) and upregulate expressions of CXCL8 and CCL4
(41). Similar phenomenon is also observed in OMVs from other bacteria including
Legionella pneumophilia, Helicobacter pylori, and E. coli (5).
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Figure 1 Biogenesis of OMVs in Gram-negative bacteria(3)

1.2. Uses of naturally secreted OMVs

Based on their origin, bacterial OMVs can be divided into two types: naturally
secreted OMVs and bioengineered OMVs. For native OMVs, they have been used in
two main applications including a vaccine platform and a drug delivery system. As a

vaccine delivery vehicle, OMVs isolated from pathogenic bacteria can deliver specific



antigen to host immune cells and trigger immune responses to provide protection
against the parental bacteria. Combined with adjuvanted properties, native OMVs could
strongly boost immunogenicity of the partner antigen indicating OMVs as a promising
vaccine delivery platform (6). For instance, Marina R. Pulido demonstrated that OMVs
budded from Acinetobacter baumannii could elicit robust humoral immune responses
and provide protection against actual A. baumannii infection (42). Moreover, OMVs
vaccine (known as ‘4CMenB’ or ‘BEXERQO’) from Neisseria meningitidis has been
approved by U.S. FDA to control serogroup B meningococcal disease in a combination
with other three purified compounds from N. meningitidis (7). Not only the native
OMVs can serve as a vaccine delivery platform, but they also can act as a drug vehicle
due to preferable features like rigid structure which can avoid drug leakage. As
demonstrated by Kudelaidi Kuerban and team, Klebsiella pneumonia-derived OMVs
were loaded by a neoplastic agent, doxorubicin, and used to treat non-small lung cancer
cells (43). The results showed that doxorubicin could be delivered to cancer cells when
loaded in OMVs, as evaluated in in vitro and in vivo models. Moreover, proper
immunogenicity of OMVs could activate recruitment of macrophage that can enhance
effectiveness of tumor clearance by doxorubicin-loaded OMVs.
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Figure 2 Mechanisms of OMVs that mediate immune cells(9)



1.3. Bioengineered OMVs and their applications

In contrast to naturally secreted OMVs, OMVs budded from non-pathogenic
bacteria can be utilized in diverse applications by modifying phenotypes using genetic
engineering approaches. Among species of bacteria, E. coli is considered as an effective
bacterial factory for OMVs production because of its well-tolerance to genetic
engineering processes, simple cultivation, and cost-effective production. Strains of E.
coli used in production of bioengineered OMVs are consisting of common strains like
DH5a, BL21(DE3), hyper-vesiculated strains like JC8031 (14, 44, 45). One attempt to
modify the OMVs is to load heterologous proteins onto OMVs via genetic fusion with
OMV-associated proteins. Based on compartments of OMVs, target protein can be
packaged within production of OMVs and consequently exported into the lumen or
exposed on the surface (6, 34, 45). To incorporate heterologous protein into the lumen
of OMVs, the target protein is fused to signal peptides that facilitated protein sorting to
periplasm space such as the signal peptide of outer membrane protein A (OmpA), Tat
signal sequence, Oprl lipoprotein (16, 46-48). On the contrary, membrane-bound
proteins like E. coli Cytolysin A (ClyA), Hemoglobin-binding protease (Hbp), and
well-known bacterial surface display system (Lipoprotein-OmpA hybrid, Lpp’OmpA)
have been demonstrated to display heterologous protein in surface-exposed manner (14,

15, 49). In the present, current protein display systems in OMVs are listed in table 1.

Table 1 Current protein display systems in OMVs

Carrier Protein of Location of Limitation Ref.
study target protein

Original systems
OmpA FLAG Lumen - (20)
The signal SpyCEP, Lumen - (16)
peptide of OmpA | Streptolysin

O, Spy0269,

and

SAM_1372

HtrA (48)
Tat signal GFP Lumen - (46)
Maltose binding | mD8-FAT Lumen - (50)
protein (MBP)
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Hbp ESATS, Surface Performance is (15)
Ag85B exposure depended on size and
fragment, complexity of target
and Rv2660c protein

Oprl lipoprotein | A104R Surface Structure of target (47)
antigen exposure protein may be

changed by
purification steps

ClyA Affibody Surface Possible toxicity of (10)
against HER2 | exposure hemolysin activity of
GFP ClyA (14,

51)
Anti-digoxin (14)
scFv
Omp22 (45)
GalT (52)
M2e (53)
Lpp’OmpA Histidine-tag | Surface Performance is (49)
exposure depended on size and
complexity of target
protein

Utilized with SpyTag/SpyCatcher system

OmpA fused to PTE Lumen Digested products (44)

SpyCatcher occurred from

proteolysis

Hbp fused to SP1690 Surface Amount of antigen (54)

either SpyTag or | fusion and exposure

SpyCatcher anti-GFP
nanobody
TrxA and (55)
MBP

ClyA fused to Ovalbumin Surface Possible toxicity of (56)

SpyCatcher exposure hemolysin activity of

ClyA

Lpp’OmpA fused | Anti-MUC1 | Surface Suboptimal protein -

to SpyCatcher scFv clone exposure display

(This study) SM3

Similar to native OMVs, bioengineered OMVs can act as an antigen delivery

system as described in many reports (45, 47, 50-53, 56). An idea of using bioengineered
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OMVs as a vaccine platform is illustrated by fusion protein of antigenic protein from
the pathogen and the protein carriers. One of the most common protein display systems
is ClyA system. This pore-forming hemolytic protein has shown to be located in E. coli-
derived OMVs and enables transportation of its C-terminal fusion partner to the surface
of OMVs (14, 45, 51-53). It has been firstly demonstrated by Jae-Young Kim and team
that green-fluorescent protein (GFP) could be incorporated into OMVs by fusing to
ClyA (14). The ClyA system aids development of OMVs-based vaccines in several
studies. For example, Weiwei Huang generated bioengineered E. coli OMVs displaying
immunogenic outer membrane protein of A. baumannii (Omp22) and immunized
recombinant OMVs to mice as shown in figure 3 (45). The results indicated that
Omp22-displaying OMVs could trigger a robust immune responses that protected mice
from challenge of A. baumannii. Likewise, a truncated cancer antigen, D8 region from
mouse FAT atypical cadherin 1 (mD8-FAT1) which is abundantly expressed on
colorectal cancers, was packaged into E. coli-derived OMVs serving as a vaccination
for cancer treatment (50). Unlike ClyA system that transports target protein to the
surface, Alberto Grandi and team engineered OMVs to present mD8-FATL1 inside the
lumen via fusing to E. coli MBP located in periplasm. The resulting OMVs could
activate production of anti-mD8-FAT1 antibodies and partially protected immunized
mice from tumor challenge. Notably, the choice of production of OMVs-based vaccines
is still debatable that which location of antigen is preferable to prime immune system.
While surface-exposed manner provides accessibility to be captured by immune cells,
at the same time, is easily degraded by serum proteases (6). On the other hand, safer
delivery of antigen by packing into the lumen of OMVs is more appreciated, but an

inadequate immune response may be found.

Bioengineered OMVs also showed capability to deliver various compounds to
the host cells. For example, Vipul Gujrati and team illustrated an alternative approach
to enhance ability of the bioengineered OMVs as a multifunctional delivery platform.
They created bioengineered OMVs from E. coli to carry melanin. Accumulation of
melanin in the lumen of OMVs was made by heterologous expression of Rhizobium etli
tyrosinase which catalyzes in melanin biosynthesis (57). The melanin-loaded OMVs

were applied to utilized as an optoacoustic imaging in cancer treatment. In addition,
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combining protein display system and cargo delivery ability, bioengineered OMVs
prompts us to use them as a targeted delivery platform. Previous study showed that
target-specific OMVs were generated by displaying affibody against HER2 via ClyA
fusion system (10). HERZ is overexpressed in various tumor cells, so affibody against
HER?2 that is decorated on OMVs can transport selectively to HER2-presenting cells.
After production of HER2-specific OMVs, a small interfering RNA (siRNA) targeting
kinesin spindle protein (KSP) was loaded to the OMVs aiming to reduce cancer growth.
As performed in both in vitro and in vivo models, siRNA in HER-targeting OMVs
could specifically down-regulate its target leading to regression of tumor cells and non-
specific side-effects were not found in both in vitro and in vivo models. Collectively,
bioengineering of OMVs could improve efficacy of native OMVs to use in various

purposes.

wtOMVs Omp22-OMVs

Lipopolysaccharide (LPS)
—— A.baumannii Omp22

‘"\ Outer membrane proteins (OMPs) E.coli W-15 ClyA

*® Periplasmic proteins

Figure 3 Flow chart of Omp22 presentation on OMVs using CIlyA fusion system(45)

2. Lpp’OmpA as a bacterial surface display system

The Lpp’OmpA hybrid is one of well-known bacterial display systems. It has
been firstly discovered by Joseph A. Francisco and team in an attempt to anchor -
lactamase on outer membrane of E. coli (29). The system is consisting of two major
components: 1) The first nine residue of E. coli lipoprotein which acts as signal peptide
to translocate to periplasm space and subsequently integrate into outer membrane via
N-terminal cysteine modified with diglyceride and fatty acid moieties (58, 59) and 2)
The truncated outer membrane protein A (OmpA) including residue 46 — 159
containing five membrane-spanning [-sheet domains and surface-exposed C-terminal
tail (60).
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This Lpp’OmpA chimera allows its C-terminal fusion partner to display on
bacterial surface. Various proteins have been successfully displayed by this system and
utilized in various applications such as whole-cell biocatalyst, scFv screening system,
and simplified protein purification tool (figure 4) (29, 31, 32, 60). For example,
functional Bacillus lichniformis lipase was successfully expressed and located on the
surface of E. coli. The function of lipase anchored on bacterial surface was confirmed
by enzymatic activity assay towards the substrates, p-nitrophenyl caprylate (31).
Moreover, as a selection tool for scFv discovery, the Lpp’OmpA was fused to anti-
digoxin, a fluorescent-labelled hapten, scFv libraries to isolate high-affinity and
subjected to screening processes using fluorescence-activated cell sorting (FACS). The
resulting scFv was later purified and showed a convincing binding activity to the ligand
(60). Despite successful surface exposure of a variety of proteins, one consideration of
using the Lpp’OmpA system is the performance of protein display is depending on its
fusion size and complexity. As illustrated by Costas Stathopoulos and team, fusing
Lpp’OmpA to an alkaline phosphatase (PhoA) which is large (94 kDa) and has complex
structure could not be translocated to the bacterial membrane (30).

To apply Lpp’OmpA hybrid in protein display system of OMVs, Jae-Young
Kim and team have demonstrated that a protein with complex structure like anti-digoxin
scFv could not be incorporated in the OMVs by using this system (14). However, as
illustrated by Nathan J. Alves and team, histidine-tagged Lpp’OmpA could be targeted
into OMVs to allow purification of desired vesicles by using the Ni-NTA affinity
chromatography (49). As a result, it indicates that size and complicated structure can
affect significantly to presentation of target protein on OMVs.

y N
L ]

/\ EXTRACELLULAR SPACE

————

¢

&

OmpA (residue 46 - 159) §

i

Lipoprotein (residue 1 - 9) i } \ J \ 'g
4 )4 PER.‘F‘LA;

Figure 4 Schematic representation of Lpp’OmpA fused with protein of interest
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3. Efficient bio-ligation system of SpyTag/SpyCatcher

SpyTag/SpyCatcher system is a bioconjugation system comprising of two
protein partners performing an irreversible isopeptide bond. This system was derived
from Streptococcus pyogenes fibronectin-binding protein  (FbaB) which contains
intracellular interaction. Bijan Zakeri and team found that the second immunoglobulin-
like collagen adhesin domain (CnaB2) in S. pyogenes FbaB can perform a covalent
bond between Lysine (residue 31, Lys®) and Aspartic acid (residue 117, Asp*'’) (17).
As shown in the same study, the isopeptide bond is formed by nucleophilic attack of
Asp!'” by Lys®! which is catalyzed by neighbor Glutamic acid (residue 77, Glu’).
Consequently, they reconstructed two protein fragments: a short peptide (SpyTag), 13
amino acids consisting of Asp*'/, and its protein partner (SpyCatcher), ~15 kDa
containing Lys®! (figure 5). The rate constant of SpyTag/SpyCatcher reaction was
achieved about 1.4 x 10° M* s, indicating a rapid formation that is beneficial to
practical usage. Additionally, the bond formation of SpyTag/SpyCatcher could retain
stability in diverse conditions (pH, temperature, and buffer). Furthermore, due to
flexibility to genetically fuse to target proteins, SpyTag/SpyCatcher system has been
utilized in coupling two individual proteins as demonstrated in various reports (19-21,
61, 62). SpyTag and SpyCatcher could be independently fused to the protein of interest
at various sites (either N-terminus, C-terminus, interval site, or loop structure) and

showed no loss of ligation efficacy (63).

Owing to these benefits, SpyTag/SpyCatcher system has been applied in a wide
range of applications such as enzyme fabrication, biomolecule delivery system,
synthetic bacterial compartment, and so on (18-21, 61, 62). Aside from those
applications, the most favored utilization of SpyTag/SpyCatcher system is to attach
antigen on the surface of nanoparticles like VLP, GEM, and yeast ghost shell (YGS),
termed it as a Plug-and-Display approach (19-21). This effort was primarily validated
by displaying SpyTag-fused malaria antigens (CIDR and Pfs25) on SpyCatcher-
expressed in the surface of E. coli-derived VLPs from the bacteriophage AP205. After
that, the resulting VLPs were injected to mice and elicited robust antibody responses
(19). Likewise, the SpyTag/SpyCatcher system was used to decorate the yeast-derived

B-glucan microparticles (YGS) serving as an immune-booster device of Actinobacillus
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pleuroneumoniae antigen (ApxIA) and robust immune responses were shown in
immunized mice, suggesting an ideal use of SpyTag/SpyCatcher for vaccine platform
(20).

With the intention of using SpyTag/SpyCatcher system in OMVs development,
published reports have illustrated to present various proteins including bacteria antigen,
tumor neoantigen, nanobody. Similar to other nano-sized particles, the
SpyTag/SpyCatcher system was utilized in display of protein of interest on OMVs by
fusing either SpyTag or SpyCatcher to carriers (such as ClyA and Hbp) and target
protein (54-56). For instance, OMVs displaying anti-GFP nanobody were generated by
linking SpyCatcher-fusion of the nanobody and engineered Hbp which its domain 1
was replaced by SpyTag (54). Unlike surface display strategy mediated by CIlyA or
Hbp, SpyTag/SpyCatcher system could also sort protein into the lumen of OMVs as
illustrated by Nathan J. Alves and team. The lumen-located enzyme packaging in
OMVs was performed by linking C-terminal fusion of OmpA to SpyTag and
SpyCatcher-linked Brevundimonas diminuta Phosphotriesterase (PTE). This enzyme
was shown to be packaged in the lumen of OMVs and could retain its catalytic activity.
The benefit of loading the enzyme into OMVs is to increase stability as demonstrated
by lower degree of degradation compared to the free enzyme, suggesting an extended
application of OMVs when combined with the SpyTag/SpyCatcher system (44).

Figure 5 Ribbon structure of SpyTag/SpyCatcher. SpyTag is labelled in green and
SpyCatcher is shown in blue. (Modified from (18))
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4. Mucinl
4.1. General information of mucin 1

Mucins are a family of transmembrane proteins expressed by epithelial cells
found in various tissues such as intestinal tract, liver, pancreas, glandular, and lung. The
unique structure of mucins is highlighted by hyper-glycosylation from most of O-linked
glycans which contributes up to 90% of their molecular weight (64). As determined by
their location, mucin members were classified into two types including secreted mucins
(MUC2, MUC5AC, MUC5B, MUC6, and MUC7) and membrane-associated mucins
(MUC1, MUC3, MUC4, MUC12, MUC13, MUCI16, and MUCL17) (22). Biological
functions of mucins are thought to be involved in construction of epithelial barrier
which aids protection of epithelial cells and cell-cell interaction (22, 23, 64). To be
specific, secreted mucins like MUC2 could be exported to extracellular matrix and form
gel-like layer which can Ilimit bacterial infection, inflammation, and intense
environment (65, 66). Not only secreted mucins but transmembrane mucins such as
MUC1 and MUC4 also promote the mucinous layer by releasing their proteolytic
products containing glycosylated moieties that can increase density of mucin-forming
gel (23).

Mucin 1 (MUC1), alternately named as episialin, H23Ag, MCA, CD227, is a
type | transmembrane mucin found abundantly in various epitheliums such as
esophagus, stomach, lung, pancreas, mammary gland, and so on (22, 23, 64). In contrast
to secreted mucins, MUCL is anchored on the surface of the cell and poses a branch of
O-linked glycosylated products which can elongate its extracellular domain to 200 —
500 nm beyond the cell membrane (67, 68). Generally, mature MUC1 is built as a
heterodimer complex consisting of surface-exposed N-terminal subunit (MUC1-N) and
short C-terminal cytoplasmic tail (MUCL1-C) joined by hydrogen bonds (68, 69). The
large fragment is composed of the signal peptide, the variable number tandem repeat
(VNTR) region, and the Sea urchin sperm protein enterokinase and agrin (SEA) domain
flanked by the imperfect repeat (IR). In the VNTR region, it is made of 20 — 120 repeats
of 20 — 21 amino acids consisting of the glycan amino acid carriers like threonine and
serine resulting in heavy O-linked glycosylation (70). The SEA domain was located

next to GSVVV motif which is proteolytic cleavage site that allows automatically
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splitting of two domains of MUCL1 from a single encoded polypeptide after protein
translation (67, 68). Unlike MUC1-N fragment, C-terminal domain of MUCL1 is less
complex and located in the cell membrane. The MUC1-C is included in the extracellular
domain (ECD), transmembrane domain (TMD), and cytoplasmic tail (CT). Purposed
functions of MUCL are described by several studies including providing protection via
mucin-forming gel and acting as a double-sword mediator in cell-cell and cell-matrix
interactions (22, 23, 64). Specifically, bulky and extended structure of MUC1 may
compromise intercellular interactions, while MUC1 from some tissue could act as
adhesive molecules to present specified glycans to their receptor from other cells (71-
74). In other respects, MUC1 also plays a role in signal transduction. For example,
MUC1 could differ mitogen-activated protein kinase (MAPK) signaling cascades after
phosphorylation of cytoplasmic domain (22). Likewise, cell proliferation and
differentiation could be enhanced by activation of MUCI since -caterin could bind to
C-terminus tail of MUC1 and transport it into nucleus resulting in activation of
transcription processes of downstream products under transcriptional activator of [3-

caterin (75).
4.2. Relationship between MUC1 and cancer

As illustrated in figure 6, tumor-associated MUCL is recognized by unique
characteristics including 1) an aberrant expression of MUCL1 which is observed by
MUC1-overexpressing tumors from 900,000 per 1.4 million samples (23), 2)
Redistribution of MUC1 polarity (76) and 3) Altered glycosylated modification (27, 77,
78). Alteration of glycosylated patterns in tumor-associated MUCL is consisting of
hypo-glycosylation and hyper-sialylation (79, 80). Unlike normal epithelial cells which
express MUC1 with the Core 2 O-glycans, MUCL1 from breast cancer presents the Core
1 O-glycans due to lack of glycosylation-related enzyme (81). Besides, truncated
glycans produced from sialylations were found in abnormal MUC1 such as the
sialylated Core 1 glycan found in breast cancer cells (82). As observed in colon cancer
cells, other alternate glycans were found such as the sialyl LewisX (sLeX) and sialyl
Lewisa (sLe?), suggesting the unique glycosylated decorations of MUC1 in tumor cells
(83). Roles of MUCL in cancers are involved in proliferation, invasion, and metastasis

by using several mechanisms (22, 23, 64). For instance, similar to epithelial cells,



18

MUC1 from tumor cells could provide a protective barrier to avoid exposure of
unfavorable environments and to control the microenvironment that drives invasive and
metastatic tumor growth (22, 23, 79). Tumor-associated MUCL1 could regulate glucose
metabolism in cancer cells by modulating hypoxia-inducible factor-la. (HIF-1a)
resulting in proliferation of cancer cells. Aside from HIF-1a, MUCL1 was evidenced to
increase glucose uptake by mediating other related proteins as found in pancreas cancer

cells, indicating complex functions of MUC1 in tumor progression (84).

hat %ﬁ% %@

Normal epithelial cell Cancer cell

Key:
© U Growth factor Heavily glycosylated Underglycosylated
| receptors Mucin 1 (MUC1) Mucin 1 (MUC1)

Figure 6 The structure of Mucin 1 in normal epithelial cells and tumor cells(85)

4.3. MUC1 as a promising target for cancer biomarker and treatment

The unique aberrant characteristics of tumor-associated MUC1 emphasize
utilization of this protein in diagnosis and treatment. For example, due to the fact that
MUCL1-N fragment is found elevated in the serum of patients with breast cancer, the
MUCL1 (CA15-3) serum assay which detects the level of MUC1-N subunit is used to
monitor breast cancer progression and treatment outcome and has been approved by
U.S. FDA (86). Utilized by immunotherapy approaches, MUC1-based vaccines have
been developed and currently under clinical phase. The types of a vaccine targeting
MUCL1 are consisting of subunit vaccine, viral vector vaccine, dendritic cell vaccine,
and glycopeptide vaccine (87). The L-BLP25, a liposomal-based vaccine containing
25-residue of VNTR peptide, showed the safety and a promising outcome in clinical
trial phase | and 111 as evaluated by an improved survival time after chemical treatments

in patients with non-small lung cancer and prostate cancer (88, 89). However, combined
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with clinical trial phase Il result that is investigation of the efficacy of using L-BLP25
in colorectal cancer, the outcomes were not consistent in each subject. These findings
indicate poor immunogenicity of this peptide-based MUC1 vaccine and require further
improvement (90, 91). Apart from that, another strategy is to develop monoclonal
antibodies to target epitopes on MUCL. The established antibodies are comprised of
C595, HMFG1, Brk-3, SM3, and so on (92). Some of them have entered clinical trials
and gave a promising outcome in various cancer types (93, 94). To give an example,
the HMFG1 which recognizes hyperglycosylated VNTR core epitope (PDTR) could
exhibit lower level of circulating MUC1 when patients were administrated by yttrium®-
labelled HMFG1 and treated subjects showed higher survival rate, suggesting a
successful use of anti-MUC1 monoclonal antibody as an antibody-conjugated drug
strategy (95). Moreover, recent study provided a concept of using antibody that binds
to other epitopes than extracellular MUC1 epitopes. To illustrate, Min Jung Kim and
team illustrated that the single-chain variable fragment targeting MUC1-C generated
from a phage display process could reduce tumor invasion of triple-negative breast
cancer cells, suggesting targeting MUCL1 using alternative epitopes (96).

The SM3 antibody which recognizes glycan-nude VNTR core epitope
(APDTRP) was derived from chemically-deglycosylated MUC1 from milk discovered
by Joy Burchell and team (27). With high reactivity across various cancer types, it has
been shown that SM3 could stain a variety of primary carcinomas including breast,
colon, lung, and ovary (97). Owing to binding to hyperglycosylated epitope, SM3
showed weak interaction towards non-cancerous tissue that presents normal
hyperglycosylated MUCL1 (27, 97). Apart from using mature antibody, a single-chain
variable fragment format was generated and derived from the parental sequence of
intact SM3 antibody. This scFv SM3 was subsequently expressed on a nonreplicated
live vector to prime macrophage to recognize MUCL. The results showed that an
activated macrophage could eradicate MUC1-expressing tumor cells, but no effect in
cells that do not have MUCL1 (98). The use of scFv SM3 has been applied to
development of a chimeric antigen receptor (CAR) T cell to aim immune-associated
responses against MUC1-presenting cancer cells (99). Interestingly, Fengtao You and

team improved binding capability of scFv SM3 via protein mutation and constructed it
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into engineered CAR T cell. As conducted in clinical phase I, SM3-presenting CAR T
cell elicited no severe side effects and could induce tumor necrosis in the patient with
an advanced left seminal vesicle cancer (100). Because of these observations, it draws

an attention to using SM3 in MUC1-asssoicated cancer treatment.

N-terminus

Figure 7 Three-dimensional structure of anti-MUCL1 scFv clone SM3consisting of
Vh and Vi fragment linked by a flexible linker shown in a dash line (PBD ID: 5A2K)
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CHAPTER Il
MATERIALS AND METHODS

1) Chemicals
1.1) Cloning
Product Supplier
Agarose (Molecular biology grade) Vivantis, Malaysia
dNTP Set Vivantis, Malaysia

RedSafe™ nucleic acid staining solution

iINtRON Biotechnology, Korea

PCR primers including T7 promoter, T7
terminator, 5LTR, and SV40

U2Bio, Thailand

1.2) Bacterial cultivation

Product

Supplier

Ampicillin sodium salt

Sigma-aldrich, USA

CRITERION™ LB agar

Hardy Diagnostics, USA

CRITERION™ LB broth Lennox

Hardy Diagnostics, USA

CRITERION™ LB broth Miller

Hardy Diagnostics, USA

Glycerol Vivantis, Malaysia

OmniPur® IPTG Merck, Germany

Tryptone TM Media, India

Yeast extract TM Media, India

Zeocin Thermo Fisher Scientific, USA

1.3) Protein purification and biochemical analysis

Product

Supplier

Acrylamide/bis-acrylamide ready-to-use solution
30% (37.5:1)

Merck, Germany

Ammonium persulfate (APS)

Sigma-aldrich, USA

Bovine serum albumin (BSA)

Merck, Germany

Brilliant Blue R-250 (Coomassie Brilliant Blue R)

Merck, Germany

CRITERION™ skim milk powder

Hardy Diagnostics, USA

Glycine (NH2-CH2.COOH)

Bio-Rad Laboratories, USA

OmniPur® TEMED (Tetramethylethylenediamine)

Merck, Germany

Phenylmethylsulfonyl fluoride (PMSF)

PanReac Applichem, USA

Sodium dodecy! sulphate (SDS)

Bio-Rad Laboratories, USA

Triton™ X-100

Sigma-aldrich, USA

Tween®-20

Lobal Chemie, India
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1.4) Chemicals for buffer preparation

Product Supplier
Acetic acid Qrac, Thailand
Imidazole for buffer solution PanReac Applichem, USA
Paraformaldehyde Sigma-aldrich, USA
Potassium chloride (KCI) VWR International, USA
Potassium dihydrogen phosphate (KH2PO4) VWR International, USA
Propan-2-ol RCI Labscan, Thailand
Sodium chloride (NaCl) VWR International, USA
Sodium phosphate dibasic (NazHPO4) VWR International, USA
Tris-hydroxymethyl aminomethane (Tris base) Sigma-aldrich, USA
Tris-hydroxymethyl aminomethane HCI (Tris SRL Chemical, India
HCI)

1.5) Mammalian cell cultivation

Product Supplier
Dulbecco's Modified Eagle Medium high glucose | Thermo Fisher Scientific, USA
(DMEM)

Fetal Bovine Serum (FBS) Thermo Fisher Scientific, USA

Penicllin-Streptomycin (10,000 U/ml) Thermo Fisher Scientific, USA

Trypan blue solution (0.4%) Thermo Fisher Scientific, USA

Trypsin-EDTA (0.25%, phenol red) Thermo Fisher Scientific, USA
2) Cloning

2.1) Construction of plasmid encoding Lpp’OmpA-SpyCatcher for OMVs

production

pLpp’OmpA-SpyCatcher was used to produce OMVs presenting Lpp’OmpA-
SpyCatcher (OMVs:Lpp’OmpA-SpyCatcher) and is comprised of a gene encoding first
nine amino acid of Ipp, ompa gene (residue 46 — 159), spycatcher gene, C-terminal
histidine-tag (HHHHHH), and interval GS-linker ((GSG)2) (Complete sequence is
available at figure 22 in appendix). This gene cassette (Ipp-ompa-spycatcher) was
flanked by Ndel cut site at 5° terminus and EcoRI cut site at 3’ terminus and synthesized
by Twist Bioscience, USA. The synthetic gene fragment and pET21a+ plasmid were
digested by Ndel (New England Biolabs, UK) and EcoRI-HF (New England Biolabs,
UK) as following protocol. Either 300 ng of synthetic gene fragment or 1500 ng of
pET21a+ was mixed with 1 pl of 10X CutSmart™ Buffer, 0.3 pl of each Ndel and
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EcoRI (6 units) and sterile water to a total reaction volume of 10 ul. Then, the mixture
was incubated at 37°C for 1 h. Digested products were purified by QIAquick PCR&Gel
cleanup kit (QIAGEN, German) and the quality of purified DNA fragments was
assessed by NanoDrop™ One/One® Microvolume UV-Vis Spectrophotometer
(Thermo Fisher Scientific, USA). The purified DNA fragments were ligated using T4
DNA Ligase (New England Biolabs, UK) as following procedure. 50 pg of digested
pET21a+ was mixed to Ipp-ompa-spycatcher purified gene fragment in a ratio of 1:5
mole ratio (calculated from https://nebopcalculator.neb.com) together with 1 pl of T4
DNA ligase buffer, 1 pl of T4 DNA ligase (400 units), and sterile water to a total
reaction volume of 10 pl. The mixture was incubated at 16°C overnight and
subsequently transformed to One Shot™ Mach1™ T1 Phage-Resistant Chemically
Competent E. coli (Thermo Fisher Scientific, USA) using heat shock transformation
method. Later, transformed bacteria were plated on LB agar plate supplemented with
100 pg/ml ampicillin and incubated at 37°C overnight. Transformants that carry Ipp-
ompa-spycatcher in pET21a+ were selected by colony PCR. First, a single colony was
resuspended in 15 pl of lysis buffer (TE buffer plus 0.1% Triton™ X-100), heated at
95°C for 10 min, and centrifuged at 15,000 rpm for 10 min using Centrifuge 5430R
(Eppendorf, Germany). Second, the supernatant was used as a template in PCR reaction
using Taqg DNA Polymerase, recombinant (Thermo Fisher Scientific, USA). The
reaction of PCR reaction is consisting of 2 ul of the supernatant, 1 pl of 10X PCR
buffer, 0.3 pl of 50 mM MgCly, 0.2 pl of 10 mM dNTP mix, 0.5 pl of T7 promoter (5’
TAATACGACTCACTATAGG 3°), 05 ul of T7 terminator (5’
GCTAGTTATTGCTCAGCGG 3’), 0.5 pul of Tag DNA polymerase (2.5 units), and
5.45 pl of sterile water. Thermocycler was performed using MiniAmp™ Plus Thermal
Cycler (Thermo Fisher Scientific, USA) using following condition: 3 min of 94°C, 35
rounds of three steps (45 sec of 94°C, 30 sec of 55°C, 2 min 15 sec of 72°C), and 10 min
of 72°C. Third, PCR products were analyzed by 1% agarose gel electrophoresis together
with HyperLadder™ 1kb (Bioline, UK) using Sub-Cell® GT Agarose Gel
Electrophoresis Systems (Bio-Rad Laboratories, USA) and PowerPac™ Basic Power
Supply (Bio-Rad Laboratories, USA). Fourth, the gel was visualized by SafeViewer

Blue Light Transilluminator (Hercuvan Lab System, UK). Clones that gave a positive



24

result (1,081 bp) were inoculated to LB broth supplemented with 100 pg/mL and
shaken at 200 rpm 37°C for overnight using Refrigerated Shaking Incubator (Vertical
type; N-BIOTEK, Korea). Next, the recombinant plasmid was purified from selected
clones using Presto™ Mini Plasmid Kit (Geneaid, USA) and subjected to Sanger DNA
sequencing (serviced by U2Bio, Thailand) for sequence verification.

2.2) Construction of plasmid for SpyTag-SM3 production

To express SpyTag-SM3, pSpyTag-SM3 was used and constructed in pFUSE-
hlgG1-Fc2 (Invivogen, USA) backbone. The pSpyTag-SM3 has the organization of N-
terminal histidine tag (HHHHHH), GS-linker ((GSG).), spytag gene, GS-linker
((GSG)2), codon-optimized anti-MUC1 scFv clone SM3 (98) (Complete sequence is
available at figure 26 in appendix). This plasmid was made by replacement of spytag
gene to spycatcher gene in previously constructed plasmid (pSpyCatcher-SM3)
containing N-terminal SpyCatcher fused to SM3 (Complete sequence is available at
figure 25 in appendix). The spycatcher gene in pSpyCatcher-SM3 was depleted by
sequential digestion of restriction enzymes that locate at 5’ and 3° of spycatcher gene.
2000 ng of pSpyCatcher-SM3 was mixed with 0.5 pl of EcoRI-HF (10 units), 1 ul of
10X CutSmart™ Buffer and incubated at 37°C for 1 h. Then, the linearized plasmid
was purified by QIAquick PCR&Gel cleanup kit followed by digestion using 0.5 pl of
Bglll (10 units; New England Biolabs, UK) in a presence of 1X NEBuffer™ 3.1. The
digestion mixture was incubated at 37°C for 1 h and analyzed on 1% agarose gel
electrophoresis. The DNA band of spycatcher-depleted pSpyCatcher-SM3 (4,248 bp)
was cut from the gel and purified by QIAquick PCR&Gel cleanup kit and observed
DNA quality using NanoDrop™ One/One® Microvolume UV-Vis Spectrophotometer.
The spytag gene was inserted into spycatcher-depleted pSpyCatcher-SM3 by Gibson
assembly technique. DNA fragment containing codon-optimized spytag gene including
20 bp-overlapping spycatcher-depleted pSpyCatcher-SM3 sequence was synthesized
by Twist Bioscience, USA. The assembly was performed by using NEBuilder® HiFi
DNA Assembly master mix (New England Biolabs, UK) as following protocol. 0.033
pmol of spycatcher-depleted pSpyCatcher-SM3 and 0.167 pmol of spytag gene
fragment (calculated from https://nebopcalculator.neb.com) were incubated at 50°C for
1 h with 2.5 pl of NEBuilder® HiFi DNA Assembly Master Mix in a total reaction
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volume of 5 pl. Subsequently, One Shot™ Mach1™ T1 Phage-Resistant Chemically
Competent E. coli was transformed by 2 pl of reaction mixture using heat shock
method. After incubation in LB (Lennox) agar supplemented with 25 pg/mL of Zeocin
at 37°C for overnight, transformants were selected by colony PCR as previously
described in section 2.1 using SLTR (5 TGCTTGCTCAACTCTACG 3’) and SV40
(5 AACTTGTTTATTGCAGCTT 3’) as PCR primers. PCR products were analyzed
on 1% agarose gel electrophoresis. The clones that presented the positive result (1,169
bp) were cultured in LB broth (Lennox) supplemented with 25 pg/mL of Zeocin at 200
rpm 37°C for overnight. Then, recombinant plasmids were purified by Presto™ Mini

Plasmid Kit and verified by Sanger DNA sequencing to ensure insert sequence.
3) Expression and isolation of OMVs:Lpp’OmpA-SpyCatcher

Expression and isolation of OMVs:Lpp’OmpA-SpyCatcher was performed as
previous report with slight modifications (44). ECOS 21™ Competent Cells E. coli
BL21(DE3) (YB Biotech, Taiwan) was transformed by pLpp’OmpA-SpyCatcher using
heat shock method. The transformant was cultured in TB broth (2.4% tryptone, 1.2%
yeast extract, 0.5% glycerol, and 89 mM phosphate buffer) supplemented with 100
pg/ml ampicillin at 200 rpm 37°C for 16 — 18 h. The overnight culture was subsequently
inoculated into fresh LB media and shaken at 200 rpm 37°C until ODeoo reached 0.6.
The expression of Lpp’OmpA-SpyCatcher was induced by adding OmniPur® IPTG at
a final concentration of 0.5 mM and the cells were allowed to grow at 200 rpm 30°C for
20 h. After that, intact bacteria and debris were removed by centrifugation of 7,000 rpm
at 4°C for 30 min followed by filtration using Steritop Millipore Express PLUS 0.22
pm (Merck, Germany). The OMVs-presenting supernatant was centrifuged at 150,000
X g 4°C for 3 h using Hitachi CP100NX Ultracentrifugation (Eppendorf Himac
Technologies, Japan). The pellet was resuspended in 1/100 of initial volume using PBS
and centrifuged at 15,000 rpm 4°C for 10 min. The purified OMVs was collected from
supernatant, sterilized by 0.2 um Acrodisc® Syringe Filters 25 mm (Pall, China), and
kept at -20°C until use. Total protein concentration of OMVs:Lpp’OmpA-SpyCatcher
was determined by BCA assay using Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, USA).
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4) Expression and purification of SpyTag-SM3

SpyTag-SM3 was aimed to be transiently expressed in ExpiCHO-S™ cells
(Thermo Fisher Scientific, USA) using PEI MAX-mediated transfection method. Prior
to perform mammalian expression processes, pSpyTag-SM3 was amplified by
QIAGEN® Plasmid Maxi Kit (QIAGEN, German) and ExpiCHO-S™ cells were
maintained in ExpiCHO™ expression medium (Thermo Fisher Scientific, USA) at
humidified atmosphere of 8% CO; at 37°C and 125 rpm for at least three passages after
thawing. A day before transfection, ExpiCHO-S™ cells were seeded at 0.5 x 10°
cells/mL in a total culture volume of 30 mL in Corning® 125 mL Polycarbonate
Erlenmeyer Flask with VVent Cap (Corning, USA) and cultured for 24 h. At the day of
transfection, 30 pg of pSpyTag-SM3 plasmid DNA and 90 ug of PEI MAX (MW
40,000; Polyscience, USA) were separately diluted in 1.5 mL of ExpiCHO™
expression medium and PElI MAX solution was subsequentially dropped to plasmid
DNA solution. After 10 min of incubation to create plasmid DNA-PEI MAX complex
at room temperature, the complex was slowly transferred to cell suspension. After five
days, the cells were removed by centrifugation of 5,000 x g 4°C for 30 min and the
supernatant was clarified by filtration using 0.2 um Acrodisc® Syringe Filters 25 mm.
Next, SpyTag-SM3 was purified from the filtered supernatant using HisTrap FF 1 mL
column (Cytiva, USA) equipped in AKTA Start (GE Healthcare Technologist, USA).
The column was previously equilibrated with binding buffer (50 mM phosphate buffer,
300 mM NacCl, 20 mM Imidazole pH 8.0) and then loaded by the supernatant at a flow
rate of 0.5 mL/min. After unbound proteins were washed by binding buffer for 10
column volume, SpyTag-SM3 was eluted by elution buffer (50 mM phosphate buffer,
300 mM NacCl, 250 mM Imidazole pH 8.0). SpyTag-SM3-containing fractions were
pooled, buffer-exchanged to storage buffer (50 mM phosphate buffer, 150 mM NacCl
pH 8.0), concentrated using Amicon® Ultra-4 centrifugal filter unit 10kDa cutoff
(Merck, USA) and kept at -20°C until use. Protein concentration of SpyTag-SM3 was
determined by BCA assay using Pierce™ BCA Protein Assay Kit.
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5) SDS-PAGE and western blot
5.1) SDS-PAGE

The samples were prepared in 5X SDS-PAGE Protein Loading Buffer (Enzmart
Biotech, Thailand) and heated at 95°C for 10 min. Then, the denatured samples were
resolved on 10% SDS-polyacrylamide gel at 50 mA for 30 min using Mini-PROTEAN
Tetra Cell (Bio-Rad Laboratories, USA) and PowerPac™ Basic Power Supply. The gel
was stained by Coomassie Blue staining solution overnight and then de-stained by

destaining solution until the gel was clear.

5.2) Western blot

After SDS-PAGE process, proteins in the gel were transferred to Immobilon-
NC transfer membrane (Merck, USA) by Trans-Blot Semi-Dry Transfer Cell (Bio-Rad,
USA) and PowerPac™ HC High-Current Power Supply (Bio-Rad, USA) using
standard conditions (25 V and 30 min). Next, the membrane was briefly washed with
TBST (Tris-buffer saline with 0.1% Tween-20) and blocked by 5% CRITERION™
Skim milk powder in TBST at room temperature for 2 h. The blot was probed by
1:20,000 diluted 6x-His Tag Monoclonal Antibody raised in mouse (HIS.H8; Thermo
Fisher Scientific, USA) in 5% CRITERION™ Skim milk powder in TBST with gently
rocking at room temperature for 60 min. After washing step of 3 times for 15 min
interval, 1:200,000 diluted horseradish peroxidase (HRP)-conjugated anti-mouse 1gG
antibody (BioLegend, USA) in 5% CRITERION™ Skim milk powder in TBST was
incubated with the membrane at room temperature for 30 min. The membrane was
washed to remove excess antibodies. After that, HRP enzymatic reaction was carried
out by adding Immobilon Forte Western HRP substrate (Merck, USA) for 3 min in dark
place and immunological protein complexes were detected by using Chemiluminescent
ImageQuant LAS4000 (Cytiva, USA).

6) Conjugation ratio optimization

As determined by BCA assay, OMVs:Lpp’OmpA-SpyCatcher and SpyTag-
SM3 were mixed in a ratio of 1:0.2, 1:0.25, 1:0.33, 1:0.5, and 1:1 (weight-by-weight)

as listed in table 2 and incubated at 4°C for 21 h. Conjugation reaction was quenched
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by adding 5X SDS-PAGE Protein Loading Buffer and boiling. The samples were
analyzed by using Western blot analysis as described in section 5.2. Intensity of
conjugated product was quantified by Image J software
(https://imagej.nih.gov/ij/download.html).

Table 2 Components of conjugated OMVs in various ratios

Conjugation ratio | OMVs:Lpp’OmpA-SpyCatcher (ug) | SpyTag-SM3 (ug)
1:0.2 7.5 1.50
1:0.25 7.5 1.88
1:0.33 7.5 2.50
1:0.5 7.5 3.75

11 7.5 7.5

7) Large-scale preparation of conjugated OMVs

SpyTag-SM3 was mixed with 2X weight excess of OMVs:Lpp’OmpA-
SpyCatcher for 21 h at 4°C. Aggregations were removed by using 0.2 pm Acrodisc®
Syringe Filters 25 mm and unreacted SpyTag-SM3 was removed by using Amicon®
Ultra-4 centrifugal filter unit 100kDa cutoff (Merck, USA). The concentration of
conjugated OMVs was determined by BCA assay using Pierce™ BCA Protein Assay
Kit.

8) Dynamics light scattering

Size distribution profile of wunconjugated OMVs (OMVs:Lpp’OmpA-
SpyCatcher) and conjugated OMVs was observed by Zetasizer Nano ZS instrument
(Malvern Panalytical, UK) using a standard protocol (Run duration = 60 s, number of
runs = 5, number of measurements = 3). Both OMVs samples were prepared at a final
concentration of 60 pg/mL in 1 mL of PBS then loaded in a 12 mm square polystyrene
cuvette. Data was collected by measuring 173° backscatter at 25°C. After that, the result

was analyzed with Zetasizer Software (version 8.01).
9) Transmission electron microscopy

Morphology of the vesicles was observed by transmission electron microscopy
(TEM) at Scientific Equipment and Research Division (SERD), Kasetsart University.
In brief, 100 ul of 0.1 mg/mL of unconjugated OMVs and conjugated OMVs were



29

dropped on copper grids for 15 min. The copper grids were washed with water for a
few times and blotted out by filter paper. Then, the vesicles were stained with 2% uranyl
acetate for 30 s and observed by Hitachi HT7700 (Hitachi High-Technologies, USA)
at 120 kV. An average diameter of OMVs samples were measured by Image J software
(n=51).

10) Proteinase K protection assay

7 ug of conjugated OMVs was incubated in either a presence or an absence of
1% Triton™ X-100 on ice for 15 min followed by digestion by Proteinase K (Vivantis,
Malaysia) at a final concentration of 0.1 mg/mL for 15 min at 37°C. Then, 10 uM of
PMSF solution was added to stop proteolytic reaction and incubated on ice for 15 min.
After that, the resulting samples were analyzed by SDS-PAGE and Western blot

analysis as written in section 5.
11) Gold labelling TEM

Prior to perform conjugation reaction, SpyTag-SM3 was labelled by 10 nm gold
nanoparticles at lysine residues using Gold Conjugation Kit (10 nm, 20 OD; Abcam
UK) as manufacturer’s protocol. 12 ul of 0.3 ug/mL of SpyTag-SM3 was diluted in 42
ul reaction buffer. Then, 45 ul of mixture was used to dissolve lyophilized 10 nm gold
nanoparticles by resting at room temperature for 15 min. The reaction was stopped by
adding 5 ul of quencher buffer and then incubated for 5 min at room temperature. After
that, 500 pl of 1:10 diluted quencher buffer was added and free SpyTag-SM3 was
removed by centrifugation of 20,000 x g for 1 h at 4°C. Later, gold-labelled SpyTag-
SM3 was resuspended from the pellet in a final volume of 50 pl using 1:10 diluted

quencher buffer and kept in 4°C until use.

2 nug of OMVs:Lpp’OmpA-SpyCatcher was co-incubated with either 200 ng or
500 ng of gold-labelled SpyTag-SM3 in a total volume of 100 pl using PBS at 4°C for
21 h. Gold-labelled conjugated OMVs samples were subjected to TEM analysis as

listed in section 9.
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12) Cell-based ELISA (enzyme-linked immunosorbent assay)

MCEF-7 (human breast cancer cell) kindly provided by Asst. Prof. Supannikar
Tawinwung, Ph.D was maintained in DMEM supplemented with 10% of heat-
inactivated FBS at humidified atmosphere of 5% CO. and 37°C. The cell was passaged
when confluency reached around 70 - 80 % by enzymatic dissociation using 0.25%
trypsin-EDTA and cultured at least three times post thawing before conducting an

experiment.

20,000 cells/well of MCF-7 was seeded into 96-well plate (Corning, USA) and
allowed to grow for 24 h. Cells were washed with PBS twice and fixed by 100 ul of 4%
paraformaldehyde in PBS for 20 min at room temperature. Then, the wells were washed
with PBS twice and blocked with 200 pl of blocking buffer (5% BSA in PBS) for 2 h
at 37°C. After washing with PBS, the cells were incubated with 10 pg of conjugated
OMVs, 10 ug of unconjugated OMVs, 5 g of purified SpyTag-SM3, or PBS serving
as a negative control at 37°C for 1 h. Then, washing procedure was performed and 100
ul of 6x-His Tag Monoclonal Antibody raised in mouse (1:1000 diluted in blocking
buffer) was added to the wells. After unbound antibodies were washed, 100 pl of HRP-
conjugated anti-mouse 1gG antibody (1:5000 diluted in blocking buffer) was added to
the plate. Later, PBS was used to wash the plates and HRP reaction was initialized by
100 ul of TMB Chromogen Solution (for ELISA; Thermo Fisher Scientific, USA) for
15 min at room temperature. The reaction was stopped by an equal volume of 1N H2SO4

and colorimetric product was read at ODaso.

Statistical analysis of difference of mean between treated groups (conjugated
OMVs, unconjugated OMVs and SpyTag-SM3) and negative control (PBS) was
performed by GraphPad Prism version 9.2.0 using unpaired t-test.
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Experimental design
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CHAPTER IV
RESULTS

1. Construction of expression plasmids

In the present study, two expression plasmids were made consisting of
pLpp’OmpA-SpyCatcher and pSpyTag-SM3 for production of E. coli-secreted OMVs
anchoring Lpp’OmpA-SpyCathcer and recombinant SpyTag-SM3, respectively. The
pLpp’OmpA-SpyCatcher was designed by cloning of Ipp ‘ompa-spycatcher gene into
pET-21a+ at Ndel/EcoRlI recognition sites as shown in figure 8a. This pET-based vector
allows high-level of protein production by IPTG-inducible T7 promoter to maximize
Lpp’OmpA-SpyCatcher expression. The Ipp ‘ompa-spycatcher gene cassette was added
by gene encoding histindine-tag at C-terminus to ease detection of Lpp’OmpA-
SpyCatcher expression. Each gene fragment was linked by a GS-linker ((GSG)2) to
retain their individual conformational structures and increase their flexibility of
molecular movement (101). The pSpyTag-SM3 was constructed in pFUSE-hlgG1-Fc2
vector which is the mammalian expression plasmid containing secretory signal peptide
(IL-2 sequence) to facilitate purification processes. This pFUSE-hlgG1-Fc2 employs
elevated protein production via built-in promoter set including Elongation Factor-1a
(EF-1a) core promoter and the R segment and part of the U5 sequence (R-US5”) of the
Human T-Cell Leukemia Virus (HTLV) Type 1 Long Terminal Repeat (5° LTR) (102,
103). As displayed in figure 8b, histindine-tag gene and was added after EcoRI
recognition site resulting in N-terminal histindine-tagged protein expression which is
frequently used in previous scFv production (33). Codon-optimized spytag and the gene
encoding heavy chain and light chain of scFv SM3 were constructed respectively and
flanked by GS-linker.
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(@)

Ndel BamHI EcoRl

pLpp'OmpA-SpyCatcher

_—
1 Ampicillin resistance gene

(b)

EF-1a core promo:er>~| SR ;| IL- ‘
pSpyTag-SM3

———

Zeocin resistance gene |

Figure 8 Schematic representation of expression plasmids used in this study . (a)
Structure of pLpp’OmpA-SpyCatcher containing encoding gene of Lpp’OmpA
(Ipp’ompa) and SpyCatcher (spycatcher) and histidine-tag (6xHistidine). (b) Gene
cassette encoding SpyTag-SM3 fusion protein constructed in pFUSE-hlgG1-Fc2
vector. Ampicillin and Zeocin resistance gene were included for bacterial selection in
pLpp’OmpA-SpyCatcher and pSpyTag-SM3, respectively. The recognition sites of
restriction enzyme were listed in italic in both gene maps. All schemes were created

with BioRender.com.

Regarding the construction of pLpp’OmpA-SpyCatcher, a synthetic gene
fragment of Ipp ‘ompa-spycatcher plus histindine-tag gene was digested by Ndel and
EcoRI and subsequently ligated into Ndel/EcoRI-digested pET2la+. The ligated
product was transformed into E. coli strain Mach1™. After that, transformants were
firstly screened by colony PCR using T7 promoter and T7 terminator DNA sequences
as primers. The agarose gel result revealed that 7 of 27 clones including clone number
3, 5, 10, 14, 16, 21, and 22 showed a positive PCR product of lpp ‘'ompa-spycatcher at
the size of 1,081 bp (figure 9). Then, plasmid from selected clones were verified by
Sanger DNA sequencing. The sequencing results indicated identical DNA sequence of
Ipp ‘'ompa-spycatcher gene cassette and recombinant plasmids from all selected clones

except clone number 5 (figure 23 in appendix).

Cloning of pSpyTag-SM3 was carried out by replacement of spytag to
spycatcher in previously made pSpyCatcher-SM3 using Gibson assembly technique.
This seamless cloning method allows joining of DNA fragments in one reaction (104).
A double-stranded DNA fragment containing spytag with 20-bp overlapping nucleotide
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was ligated to spycatcher-depleted pSpyCatcher-SM3 using NEBuilder® HiFi DNA
Assembly master mix. After that, transformants were plated on Zeocin-selective LB
agar plate and afterwards analyzed by colony PCR using 5LTR and SV40 DNA
sequences as primers. As shown in figure 10, there were 2 from 14 clones (clone
number 12 and 13) that gave a positive PCR amplicon at 1,169 bp. Sequencing results
of recombinant plasmids from both positive clones showed DNA sequence as designed

(figure 27 in appendix).

Clone no. Clone no.
Sizepp) M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Size(bpp) M 15 16 17 18 19 20 21 22 23 24 25 26 27 neg

Figure 9 Colony PCR analysis of pLpp’OmpA-SpyCatcher transformants . Lane 1 —
27 represented PCR products from transformed clone number 1 to 27 while negative
control was loaded at lane neg. HyperLadder™ 1kb was shown in lane M. Arrows
indicate positive PCR amplicon (1,081 bp).

Clone no.
6 7 8 9 10 11 12 13 neg

Size (bp) M 216 NI

Figure 10 Colony PCR analysis of pSpyTag-SM3 from transformed colones. PCR
products from clone number 1 to 13 were loaded in lane 1 — 13 together with negative
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control at lane neg and HyperLadder™ 1kb at lane M. A black arrow points a positive
PCR product (1,169 bp).

2. lIsolation of E. coli-derived OMYVs presenting Lpp’OmpA-SpyCatcher

The resulting pLpp’OmpA-SpyCatcher from clone 3 was subsequently
transformed to E. coli strain BL21(DE3) which is compatible for T7 promoter-based
vector and extensively used in OMVs production (44, 49, 56). After induction of
Lpp’OmpA-SpyCatcher expression by IPTG, the cells were grown for 20 hours at
30°C. Removal of cells and debris was performed prior to pellet OMVs using
ultracentrifugation. Then, purified OMVs presenting Lpp’OmpA-SpyCatcher
(OMVs:Lpp’OmpA-SpyCatcher) was collected by additional centrifugation and further
analyzed by SDS-PAGE and Western blot analysis. In figure 11a, it showed
Coomassie-stained SDS-PAGE gel containing pre-induction and post-induction of cell
lysates of pLpp’OmpA-SpyCatcher-transformed E. coli BL21(DE3) and purified
OMVs. Due to massive protein contents in cell lysates and recombinant OMVs, we
could not detect specific band of Lpp’OmpA-SpyCatcher from the Coomassie-stained
gel. However, as evaluated by Western blotting using anti-histidine-tag antibody, an
obvious band of Lpp’OmpA-SpyCatcher (29.9 kDa) was shown in the lane of post-
induced whole cell lysate and purified OMVs (figure 11b). It suggested that the protein

was expressed after IPTG induction and successfully localized in OMVs.

(a) (b)
kDa M 1 2 3 kDa 1 2 3
?28
75 : 75—
—— —
50 - 50—
37 e 377
— ——
-4 - <
25 = 257
20 — 20—
15—
15
o ]
0. R B 10

Figure 11 Expression and localization of Lpp’OmpA-SpyCatcher as determined by
SDS-PAGE and Western blot. (a) Coomassie-stained SDS-PAGE gel containing pre-



37

induced and post-induced whole cell lysates (lane 1 and 2, respectively) and purified
OMVs (lane 3). Precision Plus Protein™ All Blue Prestained Protein Standards was
presented at lane M. (b) Western blot analysis of cell lysates and OMVs using anti-
histidine-tag antibody. An arrow indicates the protein band representing Lpp’OmpA-
SpyCatcher.

3. Expression and purification of recombinant SpyTag-SM3

Unlike bacterial expression system, mammalian expression system provides
disulfide linkage process which is required in recombinant scFv production to retain its
structure and function (105, 106). As a result, we performed transient expression of
SpyTag-fused scFv SM3 (SpyTag-SM3) in CHO-based system, ExpiCHO-S™ cells.
The pSpyTag-SM3 from clone 12 was transfected to ExpiCHO-S™ cells by PEI MAX-
mediated approach. After five days post transfection where cell viability was around
75%, cell-free supernatant containing recombinant SpyTag-SM3 was collected and
subjected to purification via affinity column chromatography. The histidine-tagged
SpyTag-SM3 was bound to Nickel Sepharose-prepacked column, HisTrap FF 1 mL
column, and later eluted by imidazole-presenting elution buffer. The chromatogram
from figure 12 illustrated that SpyTag-SM3 was successfully purified from host-cell
contaminants after sudden change of elution buffer. After that, purified SpyTag-SM3
was examined by SDS-PAGE followed by Coomassie staining (figure 13a). The gel
presented a distinct band at predicted size of SpyTag-SM3 (29.4 kDa). The fusion
protein was also identified by immunoblotting using anti-histidine-tag antibody (figure
13b). The result is consistent with SDS-PAGE that a clear band representing SpyTag-
SM3 was detected. These results indicated high homogeneity of purified SpyTag-SM3.
Additionally, yield of SpyTag-SM3 production was achieved around 3 mg/L of culture.
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Figure 12 The chromatogram of SpyTag-SM3 purified from the supernatant of

transfected cells by Nickel Sepharose-prepacked column. The column was previously
equilibrated with the binding buffer (sodium phosphate buffer) and SpyTag-SM3 was
eluted by the elution buffer (Imidazole-contained sodium phosphate buffer). Eluted

profile was monitored at an absorbance of 280 nm and presented as a solid line. The

percentage of elution buffer was shown in a dash line.
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Figure 13 Identification of purified SpyTag-SM3 by SDS-PAGE analysis and Western
blot . (a) Recombinant SpyTag-SM3 (lane 3) was analyzed by Coomassie-stained SDS-

PAGE together with crude cell-free supernatant (lane 1) and flow-through fraction (lane

2). Precision Plus Protein™ All Blue Prestained Protein Standards was loaded at lane

M. (b) Validation of purified SpyTag-SM3 was carried out by Western blot analysis.

Arrows show the protein band representing SpyTag-SM3 at ~29.4 kDa.
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4. 1In vitro conjugation of OMVs:Lpp’OmpA-SpyCatcher and SpyTag-SM3

To couple SpyTag-SM3  with  OMVs:Lpp’OmpA-SpyCatcher  via
SpyTag/SpyCatcher system, both components were mixed and incubated at 4°C for 21
hours as suggested by previous reports (18). Also, we optimized conjugation ratio by
varying mass ratio (using protein concentration obtained from BCA assay) of
OMVs:Lpp’OmpA-SpyCatcher and SpyTag-SM3 ranging from 1:0.2 to 1:1 to
maximize SpyTag-SM3 attachment on the OMVs. Then, the conjugated product
(Lpp’OmpA-SpyCatcher:SpyTag-SM3) from those ratios was examined by Western
blot analysis using anti-histidine-tag antibody (figure 14a). The resulting blot displayed
protein bands at 57.5 kDa which is relative to calculated size of the conjugated product.
This calculated size is sum of Lpp’OmpA-SpyCatcher in size (29.9 kDa) and SpyTag-
SM3 size (29.4 kDa) plus water removal upon SpyTag/SpyCatcher ligation chemistry.
As collected from three independent experiments, conjugation products produced from
those ratios were compared and indicated that the highest level of conjugated product
could be achieved from conjugation ratio of 1:0.5 (figure 14b). At this ratio, the
conjugation product was 1.6-fold higher than result from the conjugated product made
by the ratio of 1:0.2. Besides, an average relative intensity of conjugated product from
other ratios including 1:1, 1:0.33, and 1:0.25 were 1.48-, 1.51-, and 1.29-fold increase,
respectively. Therefore, large-scale production of conjugated OMVs (SM3-presenting
OMVs) was prepared by co-incubation of SpyTag-SM3 with 2-fold mass excess
OMVs:Lpp’OmpA-SpyCatcher. After several washes of unreacted SpyTag-SM3 by
100 kDa cut-off ultrafiltration, conjugated product in the resulting OMVs was
confirmed by Western blotting (figure 15).
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Figure 14 Optimization of conjugation ratio of OMVs:Lpp’OmpA-SpyCatcher and

SpyTag-SM3 . (a) Conjugated products (Lpp’OmpA-SpyCatcher:SpyTag-SM3) from

various conjugation ratio ranging from 1:0.2 to 1:1 (weight-by-weight ratio of
OMVs:Lpp’OmpA-SpyCatcher and SpyTag-SM3) were visualized by Western blot

analysis. (b) Intensity of conjugated products from Western blotting was quantified and

normalized by the signal from ratio of 1:0.20. Data were collected from three

independent experiments and represented as mean + SD.
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5. Physiochemical characterizations of the vesicles

The OMVs samples including unconjugated OMVs and conjugated OMVs were
characterized by dynamic light scattering (DLS) and transmission electron microscopy
(TEM). As evaluated by DLS, the result revealed that an average hydrodynamic size of
unconjugated OMVs was 97.42 nm and polydispersity index (PDI) was 0.278. Similar
to the parental vesicle, conjugated OMVs had a hydrodynamic diameter of 103.7 nm
and PDI of 0.287 suggesting that both OMVs are moderately polydisperse (figure 16).
In addition, transmission electron microscopic images showed that both OMVs samples
displayed spherical morphology with unique bilayer structure (figure 17). Notably, we
did not observe significant changes in size and shape after conjugation, indicating that
our conjugated OMVs still retained their physiochemical characteristics as
unconjugated OMVs. Also, an averaged diameter of unconjugated OMVs and
conjugated OMVs was revealed as 38.47 nm and 40.46 nm, respectively. The slight
difference of vesicle sizes between unconjugated OMVs and conjugated OMVs is
suggested to be affected by SpyTag-SM3 coated on the surface of OMVs.
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Figure 16 Size distribution profile of the vesicles determined by Dynamic light

scattering including unconjugated OMVs (blue line) and conjugated OMVs (red line).
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Unconjugated OMVs

Conjugated OMVs

Figure 17 Transmission electron microscopic images of uranyl acetate-stained OMVs
samples consisting of unconjugated OMVs (top row) and conjugated OMVs (bottom
row). The bars indicate 100 nm.

6. Validation of scFv SM3 presentation on the surface of OMVs

As the conjugated OMVs will serve as a targeted drug delivery system to cancer
cells, the position of SpyTag-SM3 must be exposed to the surface of OMVs. To confirm
this, the location of scFv SM3 on the surface of OMVs was assessed by two methods
including proteinase K protection assay and gold-labelled TEM. First, proteinase K
protection assay utilizes detection of protease-susceptible proteins in extracellular
space commonly used in OMVs-related studies (14, 45, 48, 54, 55). This method can
distinguish location of proteins because only surface-exposed proteins could be
digested by proteinase K in the absence of Triton X-100 (membrane destabilizer). On
the contrary, both surface-exposed proteins and lumen-located proteins could be
degraded by proteinase K in the presence of Triton X-100. We firstly ensure proteolytic
activity of proteinase K by SDS-PAGE followed by Coomassie-blue staining (figure
18a). The gel showed decrease of protein bands after proteinase K treatment, suggesting
an active enzymatic reaction of proteinase K. Since Lpp’OmpA-SpyCatcher and
conjugated complex (Lpp’OmpA-SpyCatcher:SpyTag-SM3) could not be noticed by
SDS-PAGE, we performed Western blot analysis to observe the proteinase-
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susceptibility of those proteins. As displayed in figure 18b, degradation of conjugated
complex was observed after proteinase K treatment without Triton X-100, indicating
that SpyTag-SM3 was localized on the surface of OMVs. Remarkably, the protein band
representing Lpp’OmpA-SpyCatcher was still remained after digestion by proteinase K
without Triton X-100.

Second, gold-labelled TEM was performed by conjugation of
OMVs:Lpp’OmpA-SpyCatcher and 10 nm gold nanoparticles-labelled SpyTag-SM3.
Because of high electron density of gold nanoparticle, the gold nanoparticles gave dark
spot when observed under TEM. This nature benefits us to detect presence of SpyTag-
SM3 when conjugated to the OMVs. The gold-labelled TEM images showed dark spots
resided on the membrane of conjugated OMVs while the background was clear of dark
spots (figure 19). This result illustrated that SpyTag-SM3 could attach on the surface
of the OMVs.
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Figure 18 SDS-PAGE and Western blotting analysis presenting proteinase K
protection assay of scFv SM3-presenting OMVs . The conjugated OMVs were digested
by proteinase K with or without presence of Triton X-100. Non-treated conjugated

OMVs served as a negative control.
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Figure 19 Gold-labelled TEM images . SpyTag-SM3 labeled by 10 nm gold
nanoparticles was coupled to 2 pg of OMVs:Lpp’OmpA-SpyCatcher and observed by
TEM. Amount of gold-labelled SpyTag-SM3 (200 ng and 500 ng) was presented at the
first column of each row. The dark spots indicate gold nanoparticles situated onto

OMVs. The bars indicate individual scale in each image.
7. Binding analysis of scFv SM3-displaying OMVs to MUC1-presenting cell

To verify binding activity of scFv SM3-presenting OMVs to MUC1-expressing
cell, we used MCF-7 cell as an in vitro model because it abundantly expresses MUC1
and previously used in MUC1-related studies (25, 96, 107). As shown in figure 20, the
cell-based ELISA result showed that MCF-7 cells bound to purified SpyTag-SM3 could
exhibit a significant signal compared to ones treated with PBS (p<0.05). This suggested
that SpyTag-SM3 could bind to MCF-7 cells. In addition, we observed a robust signal
from binding with conjugated OMVs. This result demonstrated that scFv SM3 in
conjugated OMVs retained binding activity to MCF-7 cells after conjugation to the
OMVs via SpyTag/SpyCatcher system. However, a noticeable signal from

unconjugated OMVs was also observed.
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Figure 20 Binding activity of OMVs samples and scFv SM3 in MCF-7 cells evaluated
by cell-based ELISA . The data is shown as mean of ODasso + SD of three replicates.
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CHAPTER V
DISCUSSION AND CONCLUSION

Bacterial OMVs gains wide attention recently due to their preferable advantages
including stability, simple production, intrinsic adjuvanticity, and flexibility of
modification. OMVs can serve as a vaccine platform as well as a multi-purpose delivery
vehicle. Most studies from those applications were conducted in animal studies and
some studies were performed in pre-clinical states supporting potential uses of OMVs
in clinical applications (6, 8). In order to display heterologous proteins on OMVs,
bacterial outer membrane-associated proteins such as ClyA and Hbp have been applied
in bio-engineering of OMVSs. These proteins can incorporate into bacterial outer
membrane and export their fusion partner to OMVs in a surface-exposed manner. Apart
from those carriers, we chose Lpp’OmpA as an alternative protein carrier because of
its smaller size (~16 kDa) compared to the others (~34 kDa for ClyA and ~150 kDa for
Hbp) (14, 15, 29). This benefit is expected to gain a higher density of Lpp’OmpA that
anchors on an outer leaflet of OMVs leading to a higher presentation of target protein.
In addition, even though ClyA has been served as a protein carrier in OMVSs in many
studies, it is still unknown whether undesirable effects from ClyA may be found. This
is due to hemolytic activity so that it requires additional investigation to clarify toxicity
of CIyA when used as a protein carrier in OMVs (14, 51). Furthermore, combined
Lpp’OmpA system with SpyTag/SpyCatcher system, the boundary of OMVs display
system which was previously restricted to present bacterial-produced proteins will be
extended. As a result, we herein demonstrated a successful presentation of functional
anti-MUC1 scFv produced from CHO cells on the surface of E. coli-derived OMVs via
Lpp’OmpA plus SpyTag/SpyCatcher system to achieve MUCI-targeting OMVs

utilized as a cell-specific drug vehicle.

As an attempt to obtain purified OMVs, several approaches have been used such
as density gradient separation, precipitation, ultrafiltration, size-exclusion
chromatography, and sequential centrifugations (34). In this study, we chose
ultracentrifugation method to harvest crude OMVs because of its elevated benefits

including less time-consuming and ease of procedure. The results revealed that the
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pellet from ultracentrifugation contained OMVs:Lpp’OmpA-SpyCatcher as
determined by SDS-PAGE and Western blot (figure 11) and TEM (figure 17) indicating
successful OMVs isolation. Even though the previous report illustrated that
overexpression of Lpp’OmpA fusion under a leaky promoter in high copy plasmid may
affect bacterial membrane structure, we showed that our bioengineered OMVs still
retained their original morphology (108, 109). It is consistent with the report from
Nathan J. Alves et al. that OMVs expressing histidine-tag via Lpp’OmpA fusion were
purified and showed no obvious changes of their structure (49). We suggested that
altering bacterial membrane integrity from overexpressed Lpp’OmpA fusion may not
affect the resulting OMVs structure. However, an amount of Lpp’OmpA-SpyCatcher
in OMVs was suboptimal. As determined by the protease-accessibility assay, the
blotting result illustrated that the remaining Lpp’OmpA-SpyCatcher was detected after
proteinase K treatment without Triton X-100, implying that most of Lpp’OmpA
residues was unable to integrate into the outer membrane and remained in the lumen of
OMVs (figure 18). This phenomenon could be explained by inappropriate cultivation
conditions which can be optimized to increase the number of Lpp’OmpA-SpyCatcher
located in the outer membrane of OMVs such as cultivation time, media, and IPTG

concentration.

Various targeting molecules such as affibody, nanobody, and scFv have been
successfully incorporated into bioengineered OMVs to guide OMVs to the specific cells
(54). In this study, a strategy to target MUC1-presenting cells was accomplished by
using anti-MUC1 monoclonal antibody clone SM3 which binds to APDTRP at core
epitope in variable number tandem repeat (VNTR) region of MUC1 (27, 92).
Previously, intact anti-MUC1 antibody SM3 was able to distinguish cancer cells that
express MUC1 and normal cells (27, 28, 92). In contrast to decorate OMVs with anti-
MUC1 antibody SM3 as a mature form, we primarily engineered it as an scFv form
because of its small size that aids purification processes and less bulkiness which may
reduce steric interactions from an environment of outer membrane constituents leading
to hindered SpyTag/SpyCatcher ligation efficacy. Utilized by CHO-based system,
SpyTag-SM3 was successfully expressed and secreted in cell-free supernatant and

subsequently purified by Histrap column (figure 12). As predicted, the binding activity
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of recombinant SpyTag-SM3 to MUC1 was confirmed by MCF-7 coated ELISA and
the result showed that SpyTag-SM3 could bind to MCF-7, suggesting that purified
recombinant SpyTag-SM3 could retain its binding functionality (figure 20). After
coupling to OMVs:Lpp’OmpA-SpyCatcher, SpyTag-SM3 could be attached on the
surface of the OMVs via SpyTag/SpyCatcher chemistry as illustrated in figure 15 and
19. Despite successful ligation, little amount of unreacted Lpp’OmpA-SpyCatcher was
detected after performing the SpyTag/SpyCatcher ligation as indicated by a slight
change of Lpp’OmpA-SpyCatcher intensity between proteinase K treated sample and
non-digested sample (figure 18). This observation where one of SpyTag/SpyCatcher
components was left after ligation was also found in another study (110). We assumed
that crowed surface of the nanoparticles may affect the ligation efficacy of SpyTag and
SpyCatcher. Next, we confirmed activity of binding to MCF-7 by anti-MUC1 scFv
SM3 displayed on the OMVs by detection of an apparent signal from conjugated OMVs
determined by cell-based ELISA (figure 20), this result encourages our bioengineered

OMVs that display scFv SM3 as a promising MUC1-selective drug delivery system.

As the ultimate goal of this study is to generate functionalized cell-specific
OMVs carrying drugs or therapeutic agents, our next step is to validate internalization
of OMVs displaying scFv SM3 into MUC1-presenting cells to and thereby incorporate
these agents into the OMVs serving as a cancer-targeted treatment. This utilization has
been previously demonstrated by previous studies. For example, Vipul Gujrati and team
showed that HER2-specific OMVs carrying a siRNA targeting kinesin spindle protein
(KSP) could inhibit tumor growth affected by specific ksp gene silencing as evaluated
by using in vivo model (10). A capability of OMVs to use in cancer treatment is
supported by superior advantages such as 1) rigid structure and high stability which
allows effective cargo delivery without massive leakage 2) small size of OMVs (20 —
200 nm) enables the enhanced permeability and retention (EPR) effect which benefits
penetration and accumulation in tumor tissue (1, 10, 43). 3) immune responses that
enhance anti-tumor activity through interactions of host immune cells and OMVs (1,
111).

While we showed encouraging results in this work, limitations of this study

were also observed. First, the production of OMVs:Lpp’OmpA-SpyCatcher and
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SpyTag-SM3 requires further optimization. As discussed earlier, cultivation conditions
should be optimized to increase display of Lpp’OmpA-SpyCatcher in the surface of
OMVs. Another attempt to increase protein density on the surface of OMVs is to
produce OMVs in engineered E. coli strain. As illustrated by llaria Zanella et al., they
removed a bunch of proteins that locate in OMVs resulting in an around 1.5-fold
increase of heterologous protein loaded in OMVs (112). Moreover, yield of production
of purified SpyTag-SM3 (3 mg/L) is lower than CHO-produced scFv yield from other
studies (105, 106). Hence, expression conditions such as temperature, culture media, or
establishing stable expression should be altered to reach optimal SpyTag-SM3
production yield. Second, it is needed to ensure that SM3 in unconjugated OMVs will
not show binding to normal cells unless off-target effect could be found. This
consideration could be validated by performing parallel analyses using MUC1-negative
cell lines such as HCT-116, HEK293, HepG2, or MUC1-depleted MCF-7 generated by
genome editing approach. Third, we observed that unconjugated OMVs omitted a
significant binding signal towards MCF-7 cell indicating non-specific interaction of
non-targeted OMVs. This phenomenon could be explained by non-specific interactions
between OMVs and epithelial cells. It is also observed in previous studies that non-
specific OMVs could internalize cancer cells (10, 43). However, this requires another
investigation because that host cell-OMVs interactions are still unclear. Fourth, the
detection strategy in cell-based ELISA is not appropriated to detect binding activity of
conjugated OMVs. Due to histidine-tag that presented in both OMVs:Lpp’OmpA-
SpyCatcher and SpyTag-SM3, the robust signal of conjugated OMVs is not directly
related to binding of only scFv SM3 in conjugated OMVs to MCF-7 cells. Also, the
signal elicited by non-specific binding of unconjugated OMVs could interfere actual
signal from scFv SM3 as shown in an exceed signal from conjugated OMVs (figure
20). To overcome this issue, protein A could be used as a detection molecule since it
can specifically bind to Vx of scFv (113). Another approach is to replace histidine-tag
in OMVs:Lpp’OmpA-SpyCatcher to other tags such as FLAG, Myc, and Strep-tag so
that the signals could be obtained from only histidine-tagged scFv SM3 (114). These
methods could be performed to avoid redundant signals from non-specific binding of

unconjugated OMVs.
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In conclusion, utilized by the bio-ligation system of SpyTag/SpyCatcher, we
provided a novel versatile protein decoration system on the surface of E. coli-derived
OMVs. As shown in this study, anti-MUC1 scFv SM3 produced from CHO cells could
be presented on bioengineered OMVs and retained its binding activity to MUCL1-
expressing cells, which will be beneficial to serve as targeted OMVs-based cancer

therapy.
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>LppOmpA+SpyCatcher

CATATGATGAAGGCGACCAAGTTAGTCCTGGGCGCTGTGATCCTCGGTTCTACGCTGCTTGCTGGTTG
TAGCAGTAACGCGAAAATTGACCAGGGCATTAATCCGTACGTCGGTTTCGAAATGGGCTACGATTGGT
TGGGCCGTATGCCTTATAAAGGTTCTGTAGAGAACGGTGCGTATAAAGCCCAGGGCGTCCAGTTAACC
GCGAAGCTCGGGTACCCCATCACTGATGATCTTGATATCTACACCCGGCTTGGTGGCATGGTGTGGCG
CGCCGATACAAAGAGCAATGTGTACGGTAAAAACCATGATACCGGTGTAAGCCCCGTGTTTGCGGGAG
GTGTTGAGTACGCAATTACCCCGGAAATTGCGACTCGTCTGGAATATCAATGGACCAATAACATCGGC
GATGCACACACCATTGGTACGCGCCCGGATAACGGGGETGGGGTCTGGCGGAAGCGGCGGATCCGCGAT
GGTGGACACGCTGAGCGGACTGTCCTCGGAACAGGGTCAGTCTGGGGATATGACTATCGAAGAAGATT
CCGCGACCCACATTAAATTCTCTAAACGTGATGAAGACGGTAAAGAATTAGCGGGTGCCACGATGGAA
TTACGTGATTCTTCAGGTAAAACAATTAGTACGTGGATTTCAGACGGACAAGTCAAGGATTTTTATCT
CTATCCGGGCAAATATACGTTCGTAGAGACCGCGGCACCGGATGGTTATGAGGTTGCTACTGCCATCA
CATTTACCGTGAACGAGCAGGGCCAGGTGACCGTTAATGGGAAAGCGACAAAGGGGGATGCTCATATC
GGTAGCGGCGGTTCAGGGCATCACCATCATCACCACTGAGAATTC

>LppOmpA+SpyCatcher

HMMKATKLVLGAVILGSTLLAGCSSNAKIDQGINPYVGFEMGYDWLGRMPYKGSVENGAYKAQGVQLT
AKLGYPITDDLDIYTRLGGMVWRADTKSNVYGKNHDTGVSPVFAGGVEYAITPETIATRLEYQWTNNIG
DAHTIGTRPDNGVGSGGSGGSAMVDTLSGLSSEQGOSGDMT IEEDSATHIKESKRDEDGKELAGATME
LRDSSGKTISTWISDGQVKDEFYLYPGKYTEVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHT
GSGGSGHHHHHAH*

Figure 22 Sequence of gene cassette encoding Lpp’OmpA-SpyCatcher fusion protein
(top) and translated amino acid sequence (bottom). Restriction recognition sites
inducing Ndel (5° CATATG 3’), BamHI (5> GGATCC 3’), and EcoRI (5 GAATTC
3”) are shown as bold. GS-linkers are italic. Encoding genes are indicated in colors:
lpp’ompa (yellow), spycatcher (blue), and histidine-tag (green). An asterisk indicates a

stop codon.
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Seqt+cln.3 1081

Figure 23 DNA sequence alignment of designed Lpp’OmpA-SpyCatcher sequence
(LppOmpA+SC) and sequencing read from clone number 3 (Seq+cin.3). This
alignment was performed using ClustalW2 pairwise method by T-Coffee
(http://tcoffee.crg.cat/apps/tcoffee/) and adjusted to readable format by BoxShade
(http://www.ch.embnet.org/software/BOX_form.html).
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>SpyCatcher+SM3

ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGEACCACCA

TCACCACCACGECG6C TC T/ G CGRTACTC T TCTee0C TCRGCTCAGAGCARGECCAGTETG

EOAAGCAACEEEEASEENERIANGS G- C TCCGGTACTGCTGGCGGGGGGAGCGGGTC TAGATCTCAGGT

GCAGCTCCAAGAGAGCGGAGGAGGACTGGTACAGCCCGGAGGCTCAATGAAGCTCAGCTGCGTCGCTT

CTGGATTTACATTCTCTAATTACTGGATGAACTGGGTCAGACAGTCACCGGAGAAAGGTCTTGAGTGG

GTGGCCGAGATACGGTTGAAGTCCAACAACTACGCAACCCATTACGCAGAGAGCGTTARAGGCCGATT
CACAATCTCTAGGGACGATTCCAAGAGTAGTGTCTATCTCCAGATGAACAATCTAAGAGCCGAGGACA
CTGGTATCTACTACTGTACAGGAGTTGGCCAGTTCGCCTACTGGGGCCAGGGGACCACTGTGACCGTG
TCATCCTCTTCTGGAGGCGGCGGCTCCGGAGGAGGAGGGGGATCCTCAGGCAGCTC AN

GCAACCACTGGGTGTTTGGGGGGEGCACAARACTGACTGTCCTGEGTTGAGTGCTAGE

>dsDNA for SpyTag+SM3

CTTGCACTTGTCACGAATTCGEATCACCATCATCACCAT GGCAGCGGGGGCTCAGGCGCCCACATTGT
GATGGTGGACGCCTACAAACCTACCAAGGGCTCCGGTACTGCTGGCGGGGGGAGCGGGTCTAGATCTC
AGGTGCAGCTCCAA

Figure 25 DNA sequences of genes used in Gibson assembly for construction of
pSpyTag-SM3 including gene encoding SpyCatcher-SM3 in pSpyCatcher-SM3 (top)
and a double stranded DNA containing spytag gene (bottom). (Top) The spycatcher
gene highlighted in magenta was cut by EcoRI and Bglll and subsequently replaced by
spytag gene from the synthetic double stranded DNA using Gibson cloning method.
Other coding genes are listed in color: IL-2 signal sequence (grey) Histidine-tag
(green), Vu of scFv clone SM3 (blue), and V. of scFv clone SM3 (red). All restriction
enzyme cut sites including EcoRI (5> GAATTC 3°), Bglll (5 AGATCT 3’), and Nhel
(5> GCTAGC 3’) are shown in bold and GS-linker sequence is presented in italic.
(Bottom) The synthetic double stranded DNA is comprised of codon-optimized spytag
gene (yellow) and histidine-tag (green) flanked by GS-linker (italic). A 20-bp
overlapping sequence which matches to pSpyCatcher-SM3 at EcoRI and Bglll

recognition sites is shown underlined.
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>SpyTag+SM3

ATGTACAGGATGCAACTCCTGTCTTGCATTGCACTAAGTCTTGCACTTGTCACGAATTCGCATCACCA
[FEATCACEAT GGCAGCGGGGGCTCAGGCGCCCACATTGTGATGGTGGACGCCTACAAACCTACCAAGG
GCTCCGGTACTGCTGGCGGGGGGAGCGGGTC TAGATCTCAGGTGCAGCTCCARGAGAGCGGAGGAGGA
CTGGTACAGCCCGGAGGCTCAATGAAGCTCAGCTGCGTCGCTTCTGGATTTACATTCTCTAATTACTG
GATGAACTGGGTCAGACAGTCACCGGAGAAAGGTCTTGAGTGGGTGGCCGAGATACGGTTGAAGTCCA
ACAACTACGCAACCCATTACGCAGAGAGCGTTAAAGGCCGATTCACAATCTCTAGGGACGATTCCAAG
AGTAGTGTCTATCTCCAGATGAACAATCTAAGAGCCGAGGACACTGGTATCTACTACTGTACAGGAGT
TGGCCAGTTCGCCTACTGGGGCCAGGGGACCACTGTGACCGTGTCA TCCTCTTCTGGAGGCGGCGGCT

CCGGAGGAGGAGEGGGATCCTCAGGCACC T NSO

CACAAAACTGACTGICCTGGGTTGAGTGCTAGT

>SpyTag+SM3

MYRMQLLSCIALSLALVTNSHEHENHEGSGGSGAHIVMVDAYKPTKGSGTAGGGSGSRSQVOLOESGGG
LVQPGGSMKLSCVASGFTFSNYWMNWVRQSPEKGLEWVAEIRLKSNNYATHYAESVKGRFT I SRDDSK
SSVYLQOMNNLRAEDTGIYYCTGVGQFAYWGQGTTVTVS SSSGCGGSGGGGGSSGS SN

SPGETVTLTCRSSTGAVTTSNYANWVOEKPDHLFTGLIGGTNNRAPGVPARFSGSLIGDKAALTITGA
QTEDEATYFCALWYSNHWVFGGGTKLTVLG™

Figure 26 SpyTag-SM3 DNA coding sequence and amino acid sequence. (Top)
Coding genes are shown in color: IL-2 signal sequence (grey), Histidine-tag (green),
spytag (yellow), Vn of scFv SM3 (blue), and V. of scFv SM3 (red). GS-linkers are
displayed in italic. All restriction enzyme cut sites including EcoRI (5 GAATTC 3°),
Bglll (5> AGATCT 3’), and Nhel (5> GCTAGC 3’) are shown in bold. (Bottom)
Translated amino acid of SpyTag-SM3. Details are same as described in DNA

sequence. An asterisk points a stop codon.
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SpyTag+SM3
Seqgtcln.13

SpyTag+5M3
Segt+ecln.13

SpyTag+SM3 42
Seg+cln.13 121

SpyTag+SM3 102
Seqg+tcln. 13 181

SpyTag+5M3
Segt+cln.13

SpyTag+sM3
Seqgtcln.13

SpyTag+5M3
Seg+cln.13

SpyTag+sSM3
Segt+cln. 13

SpyTag+SM3
Seg+cln.13

SpyTag+5SM3
Seg+cln.13

SpyTag+sM3
Segtcln.l3

SpyTag+3SM3
Seg+cln.13

SpyTag+SM3
Seqtcln. 13

SpyTag+sM3 702
Segtcln.13 781

SpyTag+sSM3 762
Segt+cln.13 841

SpyTag+SM3 822
Segtcln.13 901

SpyTag+SM3
Seg+cln.13

SpyTag+5M3
Seg+cln.13 1021 (e G GG AGRATGCAGTG

SpyTag+5SM3
Seqg+tcln.13 1081

Figure 27 DNA alignment of sequencing read from recombinant pSpyTag-SM3 clone
number 13 and SpyTag-SM3 sequence. This alignment was performed as previously

described in figure 23.
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