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Abstract B cells and in particular antibodies has always played second fiddle to cellular
immunity in regard to tuberculosis (TB). However, recent studies has helped position humoral
immunity especially antibodies back into the foray in relation to TB immunity. Therefore, the
ability to correlate the natural antibody responses of infected individuals toward TB antigens
would help strengthen this concept. Phage display is an intriguing approach that can be utilized
to study antibody-mediated responses against a particular infection via harvesting the B cell
repertoire from infected individuals. The development of disease-specific antibody libraries or
immune libraries is useful to better understand antibody-mediated immune responses against
specific disease antigens. This study describes the generation of an immune single-chain
variable fragment (scFv) library derived from TB-infected individuals. The immune library
with an estimated diversity of 109 independent clones was then applied for the identification of
monoclonal antibodies against Mycobacterium tuberculosis α-crystalline as a model antigen.
Biopanning of the library isolated three monoclonal antibodies with unique gene usage. This
strengthens the role of antibodies in TB immunity in addition to the role played by cellular

Appl Biochem Biotechnol (2018) 184:852–868
DOI 10.1007/s12010-017-2582-5

* Theam Soon Lim
theamsoon@usm.my

1 Institute for Research in Molecular Medicine, Universiti Sains Malaysia, 11800 Minden, Penang,
Malaysia

2 School of Medical Sciences, Health Campus, Universiti Sains Malaysia, 16150 Kubang Kerian,
Kelantan, Malaysia

3 School of Heath Sciences, Health Campus, Universiti Sains Malaysia, 16150 Kubang Kerian,
Kelantan, Malaysia

4 ADAPT Research Cluster, Centre for Research Initiatives – Clinical and Health Sciences, Universiti
Sains Malaysia, 16150 Kubang Kerian, Kelantan, Malaysia

5 Analytical Biochemistry Research Centre, Universiti Sains Malaysia, 11800 Minden, Penang,
Malaysia

http://orcid.org/0000-0002-0656-3045
http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-017-2582-5&domain=pdf
mailto:theamsoon@usm.my


immunity. The developed library can be applied against other TB antigens and aid antibody-
derived TB immunity studies in the future.

Keywords α-crystalline . Antibody phage display . Immune antibody libraries . Monoclonal
antibodies . scFv. Tuberculosis

Introduction

Tuberculosis (TB) is one of the leading causes of infectious disease-related mortality world-
wide [1]. It is prominent intracellular pathogen for human. The causative agent for TB is
Mycobacterium tuberculosis (Mtb), a gram-positive acid-fast bacterium. Treatment of TB takes
up to several months due to the slow-growing nature of this intracellular organism [2]. The
conventional treatment for TB infections in humans requires the use of appropriate antibiotics.
The treatment regime normally involves the use of an antibiotic cocktail given over a period of
6 months and may stretch in some cases to a year. However, World Health Organization
(WHO) reported that many Mtb strains have shown the ability to develop resistance to one or
more of the standard TB drugs, which complicates treatment greatly [3]. Therefore, a new
suitable alternative treatment for TB is highly required.

TB immunity has longed been associated with the role of cellular immunity mainly due to
the notion that the humoral immunity does not contribute to the protection against intracellular
pathogens and is mainly attributed only to cellular defense mechanisms. This matter is further
complicated with the variation in antibody responses accorded to different individuals. How-
ever, the protection afforded by antibodies is now seen for a range of intracellular pathogens
via Fc-receptor phagocytosis. An in-depth review on the role antibodies play in TB immunity
can be read in [4]. However, the ability to harness antibodies for the treatment of TB is
something intriguing that has attracted much attention. A very important notion in harnessing
antibodies for therapy of TB in humans is the ability to isolate and identify quality antibodies
against specific antigens.

Phage display is currently the gold standard for the identification and isolation of human
monoclonal antibody (mAb) in vitro using a series of selection and enrichment steps from a
library of antibodies [5]. The physical presentation of antibodies on phage particles is
accomplished by the incorporation of the DNA encoding an antibody as a fusion to the coat
protein III (pIII) gene. Therefore, by collecting antibody genes from individuals, a collection of
the natural antibody repertoire of a person can be replicated in vitro in the form of a phage
library. Among the three main antibody phage display libraries (immune, naïve, and synthetic
antibody libraries), immune libraries are most interesting for disease-associated applications.
This is mainly related to the source for the library generation, where immune libraries focus on
the use of materials from infected patients [5]. The logic is to apply the skewed immune
response by infected individuals to provide the repertoire of antibodies against disease-specific
proteins [5]. This allows for a physical representation of the antibody responses during
infections to be studied or applied for mAb generation. The application of immune libraries
to isolate disease-specific mAbs has been successfully applied for several diseases over the
years [6, 7]. Antibodies produced using conventional immunization like that in mice may
target similar antigens as antibodies produced using human antibody libraries, but the side
effects are a cause of concern [8]. Although targeting similar targets, the variation between the
species may render such antibodies useless against TB infections. Therefore, the use of human
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antibodies for downstream applications is of paramount importance. However, the main
challenges associated with the application of immune libraries are the availability of sample
material for library generation and the need to generate new libraries for different diseases.

Phage display allows for a simple laboratory scale assessment on antibody-based immunity
against TB. We sought to apply an immune TB antibody library derived from infected
individuals to screen for potential antibodies against a known TB antigen. α-crystalline or
HSP16.3 is a small heat shock protein ofMtb that is expressed during the stationary phase [9].
α-crystalline is a membrane protein responsible forMtb cell wall thickening and found to illicit
antibody responses specific for the M. tuberculosis complex [10]. It is a dominant protein
produced by Mtb during the latent stage of infection but not during exponential phase of
infection [11]. The α-crystalline antigen is present on the surface of tubercle bacilli and is
highly expressed in organisms growing within infected macrophages. There was also a report
of mAbs-specific toward α-crystalline, arabinomannan, and liporabinomannan that conferred
protection in mice [12]. It has also been reported that a chicken single-chain variable fragment
(scFv) antibody library was used to generate monoclonal antibodies against the α-crystalline
antigen [13]. This is a good starting point for the potential application of mAbs against these
antigens for therapeutic application in humans. Although it is possible that the immune
response against these proteins conferred by mice may differ in humans, nevertheless, the
generation of human antibodies against these proteins would be critical to validate its use in
humans. This makes α-crystalline a suitable model antigen to investigate if the natural
antibody repertoire of TB-infected individuals can indeed mediate antibody-based responses
against TB antigens.

Here, we describe the generation and application of a TB immune antibody library
generated with samples derived from TB-infected individuals. The generated library will
function to resemble the natural B cell repertoire post TB infection. We hypothesize that the
availability of a natural B cell immunity toward TB will help prime the antibody responses to
generate a preferential repertoire of antibodies against TB-associated antigens. In order to
validate the library, selection using α-crystalline as a model target antigen for monoclonal
antibody enrichment was carried out. Successful isolation of mAbs against the model target
antigen will help to strengthen the concept of antibody-based immunity against TB and
utilization of antibody phage display as a tool to represent the in vivo immune system by
in vitro methods. The work also highlights the prospect of immune antibody libraries as a
valuable system for infectious diseases in general. More importantly, the antibody library
generated can be applied to continuously generate monoclonal antibodies against other TB
target antigens that can be beneficial for the diagnosis and therapy of TB.

Materials and Methods

Construction of Immune Library

Blood samples from six TB-infected individuals were collected in accordance with the
protocols approved by the human research ethics of Universiti Sains Malaysia Human Ethics
Committee. All donors aged between 18 and 61 years old were confirmed positive with active
TB by sputum smear, culture, and x-ray. The blood specimens were collected using EDTA
blood collection tubes for total lymphocyte isolation. Sample processing was carried out
according to previously published protocol [7].
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A set of V-gene-specific primers was used to amplify the antibody variable gene repertoire
[14]. The primers were synthesized by First BASE Laboratories Sdn. Bhd, Malaysia and
Integrated DNA Technologies Pte. Ltd. (IDT), Singapore. The polymerase chain reaction
(PCR) amplification and purification was optimized for both the light chain (VL) and heavy
chain (VH) according to previously published protocol with different types of polymerases [7,
15]. A 20-μL PCR reaction was carried out with 2 μL of 10× DreamTaq buffer and 0.2 μL
(2 U) DreamTaq DNA with initial denaturation at 95 °C for 90 s, followed by 30 cycles at
95 °C for 30 s, annealing at 55 °C for 30 s, elongation at 72 °C for 1 minute (min), and the final
extension step involved incubation for 5 min at 72 °C. The second PCR amplification was
carried out in similar fashion to introduce the restriction enzyme (RE) cut sites to the genes for
cloning. A total of 7 VH genes, 9 Vλ genes, and 5 Vκ genes were individually amplified and
pulled based on their V-gene family prior to separation by 1% agarose gel electrophoresis.

The scFv TB library cloning was carried out using a two-step cloning procedure to clone
the VH and VL and repertoire into pLABEL, a phagemid vector. The digestion and ligation
was performed according to previously published protocol with slight modifications [7, 15].
The amplified VH repertoire and pLABEL phagemid were digested with XhoI and NcoI RE
(New England Biolabs) and subsequently cloned into pLABEL to generate a mini VH library
in DH10B Escherichia coli (E.coli) cells (Agilent Technologies, Santa Clara, CA, USA). Five
hundred nanograms of DNA template was used with 20 U of XhoI and NcoI RE for every
50 μL digestion. The enzyme was heat inactivated at 70 °C for 20 min. The digested products
were separated by agarose gel electrophoresis and purified using QiaQuick Gel extraction kit
(Qiagen) according to the manufacturer’s protocol and eluted with 40 μL of elution buffer. The
purified digested products of the VH repertoire and pLABEL were ligated together to generate
a mini VH library. A 1:5 vector to insert ratio with 300 ng of pLABEL was used for every
ligation reaction with 3 U of T4 DNA ligase (New England Biolabs). The ligation and
transformation reaction was also carried out according to previously published protocol [7,
15]. This process was continued until a total of six dense agar plates (25 cm2) were obtained.
The mini VH library was stored at −80 °C in 20% glycerol.

For the second step of cloning, the same protocol was applied to complete the full immune
scFv TB library. The purified VL repertoire and mini VH library were digested with SalI and
NotI RE (New England Biolabs). The PCR product was adjusted to reach a 1:7 vector to insert
ratio using 300 ng mini VH library for ligation as described earlier. The ligated product was
transformed using electrocompetent XL1 Blue E. coli cells (Agilent Technologies, Santa Clara,
CA, USA). This process was continued until a total of six dense agar plates (25 cm2) were
obtained. The library size was estimated by taking 10 μL of the pooled culture from six agar
plates. A tenfold serial dilution was carried out with 2-YT broth until 10−12 and was plated out
on 2-YT agar plate. Library cloning efficiency was determined by colony PCR and DNA
sequencing of random colonies.

Antigen Preparation

The expression vector with the α-crystalline gene was transformed into BL21 (DE3) E. coli
strain (Invitrogen, Carlsbad, CA, USA) and expression was carried out according to the
previously described protocol [16]. The pellet from the harvested cells was re-suspended in
ice-cold lysis buffer. Lysozyme (0.5 mg/ml) was added to the mixture followed by the addition
of protease inhibitors. The mixture was then incubated on ice for 30 min and then subjected to
cell breakage. The antigen was then purified using a 1-mL Ni-NTA Agarose fast flow column
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(GE healthcare, Sweden) according to the manufacturer’s instructions. The purified biotinyl-
ated α-crystalline antigen fractions were analyzed by 12% SDS-PAGE and Western blot.

Biopanning of Immune Human scFv Antibody Library

Biopaninng of the immune scFv TB library with the purified α-crystalline antigen was carried
out using the standard microtitre plate panning protocol according to previously published
protocol with slight modifications [7, 15]. The wells were pre-coated with 10 μg/well of α-
crystalline target antigen at 4 °C, overnight. Next day, the wells were blocked with PBST-M
(3% skim milk in PBS and 0.1% v/v Tween 20) (Nacalai Tesque, Inc., Nijo Karasuma, Kyoto,
Japan) for 1 hour (h) at room temperature (rt). The bound antibody phages were eluted with
100 μL trypsin (10 μg/mL) solution.

Polyclonal ELISA

Polyclonal phageELISAwasperformed as previously publishedprotocol [7, 14, 15]. Thewellswere
coated with 10 μg/well α-crystalline antigen at 4 °C overnight (o/n). Positive and negative controls
werealso included in theELISAassay.ThepositivecontrolwellwascoatedwitheGFPprotein,while
thenegativecontrolwellwasleftuncoated.Allcoatedwellswereblockedwith3%skimmilkinPBST.

Monoclonal ELISA

Monoclonal phage ELISA was performed with standard protocol according to previously
published protocol [7, 15] with three replicates. Monoclonal phage antibody ELISA was
performed with clones from round 2 and round 3 of the panning process. A total of 184
colonies were picked and screened. Two wells were left for positive (eGFP protein) and
negative (empty) control. The plates containing single colonies were used for ELISA.

DNA Sequencing

DNA sequencing of the clones were carried out using previously published primers by
FirstBase Sdn Bhd [7, 15]. DNA sequencing data was analyzed using ContigExpress from
Vector NTI 11 (Invitrogen). V-gene identification and complementarity-determining regions
(CDR) composition analysis was carried out using IMGT/V-QUEST [17, 18]. These tools also
provide the CDR sequences and length analysis.

Soluble Antibody Production

The antibody clones obtained earlier were transformed into BL21 (DE3) E. coli strain. The
culture was then plated on 2-YT plate with 100 μg/ml ampicillin and 2% glucose at 37 °C for
overnight. The next day a single colony was picked, and the protein expression was carried
out. Soluble antibody was carried out using the previously published protocol modified with
OD600 ~ 0.5 IPTG induction at 25 °C with 160 rpm shakingo/n [15]. The culture was harvested
by centrifugation at 10000×g for 30 min at 4 °C, and the pellet was kept at − 20 °C until use.
The antibody clones were then purified using 1 mL Ni-NTA Agarose fast flow column (GE
healthcare, Sweden) according to the manufacturer’s instructions. The purified fractions of the
clones were analyzed by 12% SDS-PAGE and Western blot.
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Soluble Antibody ELISA

The binding of soluble antibodies with the α-crystalline target antigen was confirmed by
ELISA assay. A total of 50 μg/well of purified antibody was immobilized on the well o/n. The
wells were washed 3× with PBST and blocked for 1 h with 150 μL 3% milk powder in PBST
(PTM) (Nacalai Tesque, Inc., Nijo Karasuma, Kyoto, Japan). After 1 h, the wells were washed
again before 100 μL (10 μg/mL) of target biotinylated antigen was added to the well. The
wells were incubated for 1 h for the binding of antibody with target antigen. The wells were
washed 3× with PBST and 100 μL of streptavidin-HRP in 3% PTM (1:2500) was added. After
that, 100 μL 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) development
buffer was added to each well and incubated in the dark for 30 mins before readings were
taken using a SkanlT absorbance reader (Thermo Scientific, USA) at 405 nm. For background
control, wells were blocked with PTM without the presence of antibodies. Then 10 μg/well of
biotinylated antigen was added to the wells in PBS buffer and detected with streptavidin-HRP.

Titration ELISA

The titration ELISA was performed in a similar manner as the soluble antibody ELISA but
with slight modifications. Different concentrations of purified monoclonal antibodies ranging
from 10 pg/well to 1 mg/well were immobilized on the well o/n. The wells were then washed
3× with PBST and blocked with PTM for 1 h. The wells were then washed 3× with PBST. A
total of 100 μL (10 μg/mL) of target biotinylated antigen was added to each well and
incubated for 1 h for binding. The wells were washed 3× with PBST and 100 μL of
streptavidin-HRP in 3% PTM (1:2500) was added. After that, 100 μL ABTS development
buffer was added to each well and incubated in the dark for 30 mins before readings were
taken using a SkanlT absorbance reader (Thermo Scientific, USA) at 405 nm.

Competitive ELISA

Competitive ELISA was used to determine the binding site of the monoclonal antibodies for
three different clones monoclonal antibody. Competitive ELISAwas performed by coating the
wells with 10 μg/well α-crystalline antigen 4 °C o/n. Then, wells were washed with PBST and
incubated with 100 μL of monoclonal antibody protein followed by incubation with mono-
clonal antibody phage. Both incubations were performed for 1 h. Wells were then washed and
incubated with 100 μL HRP conjugated anti-M13 antibody 1:5000 diluted in PTM for 1 h at rt
with shaking. Plate was washed, and ABTS substrate was added, and the absorbance was read
at 405 nm using a SkanlT absorbance reader (Thermo Scientific, USA).

Results

Library Cloning

The immune scFv TB library was generated for the isolation of monoclonal scFv fragments to
α-crystalline antigen using two-step cloning. The first cloning step generated a mini VH
antibody library with an estimated library size of 107. This was followed up with the second
cloning step involving the introduction of the VL repertoire to the mini VH library to yield a
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final scFv TB immune antibody library with an estimated diversity of 109. Fifteen single
colonies were randomly selected for colony PCR using LMB3 forward primer, and PIII
reverse primer to yield an approximate band size of ~ 1100 bp indicating both VL and VH
were successfully cloned into pLABEL (data not shown). The cloning efficiency was estimat-
ed to be 60%. Sequencing of 10 random clones showed that 50% of the clones had sequences
without any mutation or frame shift (Table 1). The remaining clones presented truncated
sequences or frame shift due to indels.

Antigen Preparation

Theα-crystalline antigenwas expressed, purified, and analyzedwith 12%SDS-PAGE to yield an
expected band at ~ 20 kDa (Fig. 1a). α-crystalline was successfully expressed as shown in the
SDS gel, and the purified product showed good yield with acceptable purity. Western blot
analysis result showed that the biotinylated antigen could be detected using streptavidin-HRP
with the correct band size (Fig. 1b). The purified fraction was then used for panning experiments.

Biopanning and Polyclonal ELISA

Three rounds of biopanning using the immune scFv TB library against α-crystalline antigen
were carried out using the conventional method plate panning protocol. The immune scFv TB
library against α-crystalline antigen showed gradual enrichment from round one to round
three, with the highest enrichment in round three (Table 2).

The amount of starting phage particles for each round was 8 × 1010, 4.70 × 1010, and
7 × 109 pfu for rounds 1 to 3, respectively. The amount of recovered phage particles for the
three successive rounds was 9 × 105, 10 × 104, and 5 × 106 pfu. The enrichment ratio takes into
account the amount of phage recovered over the amount of phage used. The enrichment ratio
for all three rounds was 1.1 × 10−5, 2.5 × 10−6, and 7 × 10−4, respectively. The enrichment ratio
from rounds 2 to 3 in comparison to round 1 was 22.72 and 63.6-folds, respectively. The
enrichment pattern correlates with the increasing trend of the polyclonal ELISA results with
OD405 at 0.4, 0.9, and 1.5 for the three rounds of biopanning (Fig. 2).

Monoclonal ELISA Control

A total of 184 antibody clones were randomly picked from rounds 2 and 3 of the panning
process. The result of 26 monoclonal clones indicated the positive binders with high absor-
bance (Fig. 3) compared to background value. The suffix P1 indicates the plate number, and
E1 identifies the well position in the plate. The positive clones were identified with an OD405

Table 1 Random sequence of colony PCR scFv TB antibody library

scFv
Clone

Light Chain V-Gene
Family

Light Chain J
Segment

Heavy Chain V-
Gene Family

Heavy Chain D
Segment

Heavy Chain J
Segment

Clone 1 IGLV1 IGLJ1*01 IGHV1 IGHD4–17*01 IGHJ6*02
Clone 2 IGLV3 IGLJ3*02 IGHV2 IGHD3–10*01 IGHJ3*02
Clone 3 IGLV2 IGLJ3*01 IGHV3 IGHD3–22*01 IGHJ6*02
Clone 4 IGLV1 IGLJ3*02 IGHV2 IGHD3–10*02 IGHJ3*02
Clone 5 IGKV4 IGKJ4*01 IGHV4 IGHD2–21*01 IGHJ4*02
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value above 0.1 after deducting the background values. The library generated was able to
provide satisfactory enrichment of α-crystalline-specific scFv TB clones. The value of the
negative control (H3, H6, H9, and H12) showed an OD405 value of 0.1; therefore, all the
binders reading below OD405 value of 0.1 were not taken into consideration.

All positive monoclonal antibody clones were analyzed by colony PCR to evaluate the
insert before sequencing. From 26 positive clones, only 10 clones showed the correct band
size, which was approximately around 1100 bp (data not shown). The identified clones were
then sent for DNA sequencing and analyzed.

Antibody Gene Analysis

Ten antibody clones were analyzed by Vbase2 software based on the human germline sequence.
There were showed only three antibody clones that have full sequence of VH, and VL fragments

Fig. 1 Analysis of target antigen expression and purification. a SDS-PAGE profile of purified α-crystalline
recombinant antigen. M Bluelf pre-stained protein ladder, L1 pellet, L2 crude, L3 flow-through, L4 last wash, L5
elution1, L6 elution 2, L7 elution 3, L8 elution 4. bWestern Blot analysis of α-crystalline antigen. M Bluelf pre-
stained ladder, L1 -ve, L2 positive control, L3 α-crystalline antigen

Table 2 Enrichment of phage from each rounds of conventional biopanning

Panning round Input (CFU) Output (CFU) Ratio (output/input)

Round 1 8 × 1010 9 × 105 1.1 × 10−5

Round 2 4 × 1010 9 × 104 2.2 × 10−6

Round 3 7 × 109 5 × 106 7 × 10−4
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withoutanyframeshiftmutationswereusedforexpressionanddownstreamanalysis.Theremaining
sevenclonesshowedeither truncationor frameshift.Thegenesegmentusageof the threecloneswas
shown in Table 3. The antibody sequence was analyzing using VBASE2 software based on the
human germline sequence [19]. The clones were IGKV3 and IGHV2 for clone 1H, IGKV4 and
IGHV2 for clone 1B, and IGLV1 and IGHV1 for clone 10G.

The CDR length of the variable domains is an important characteristic for the binding site
topology of antibody clones especially that of the CDR3 in the heavy chain [7]. The analysis of
both VH and VL repertoires showed that clones 1H and 1B presented the same J segment
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Fig. 2 Polyclonal enrichment of scFv from each panning round by ELISA

Fig. 3 Monoclonal phage ELISA of randomly selected scFv tested against α-crystalline
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IGHJ3*02 and IGKJ4*01. However, both clones showed diversification in the D segment
usage with gene segment D310*01 and D310*02 being preferred.

TheVHCDR1exhibited a length of 10 amino acids for clones 1Hand1B.However, clone 10G
presented a shortedCDR1with 8 amino acids. The lengths of CDR2were different across all three
cloneswith6,7, and8aminoacids for1B,1H,and10G, respectively.TheCDR3lengthdistribution
for clones 1H, 1B and 10G was 22, 24 and 13 amino acids. Human CDR3 length was extremely
broad and normally distributed with an average between 1 and 35 aa distribution resembling a
Gaussian distribution with an average loop length of 15.2 (± 4.1) [20]. A longer D gene segment
results inCDR3with longer lengths,which could be due to the gene conversion process generating
extended N regions [21]. The VL repertoire showed 7, 8, and 12 aa (clones 1H, 10G, and 1B) for
CDR1 with a similar length for CDR2 in all clones with 3 amino acids. The VL CDR3 length
distribution ranged from 9 to 11 amino acid residues, respectively.

Analysis of Amino Acid Distribution

Figure 4 shows the overall amino acid propensities for the VH and VL domains for the enriched
clones. The CDR1 of the VH domain shows a higher representation of serine followed by glycine.
Serine is useful for antigen recognition [7]. However, in the CDR2 of the VH domains, a higher
representation for aspartic acid and arginine was recorded. The CDR3 of the VH showed a higher
representation in phenylalanine in comparison to other aa. The VL domain also showed a higher

Table 3 Gene segment identification of reactive monoclonal scFv clones against α-crystalline antigen

scFv
Clone

Light Chain V-gene
Family

Light Chain J
Segment

Heavy Chain V-
Gene Family

Heavy Chain D
Segment

Heavy Chain J
Segment

1H IGKV3 IGKJ4*01 IGHV2 IGHD3–10*01 IGHJ3*02
1B IGKV4 IGKJ4*01 IGHV2 IGHD3–10*02 IGHJ3*02
10G IGLV1 IGLJ3*01 IGHV1 IGHD4–23*01 IGHJ6*02

Fig. 4 Amino acid frequency analysis of CDR1, CDR2, and CDR3 amino acid distribution of isolated anti-α-
crystalline scFv monoclonal antibodies. Color keys represent the different amino acids
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distribution of serine in CDR1. The distribution of theVLCDR2 had higher distributions of serine
andasparagine,while serineand threoninewasabundant forCDR3.Thisanalysis shows thatCDR2
and CDR3 for VH and VL are prone to exhibit small-sized amino acids and will most likely
contribute to the antigen-binding ability of antibody clones [7]. Human CDR had lower cysteine
distribution around 1.6% but had higher tyrosine around 16.8% [22].

Soluble scFv Expression and Purification

The three clones that contained the full antibody sequence were expressed and purified. The SDS
analysis shows that the clones were successfully but with moderate yields (Fig. 5). The binding
characteristic of the three clones was further confirmed by Western blot with all three clones at
35kDabindingtothetargetantigen.Theresultsshowedthatevenwithamoderateexpressionyields,
the antibody clones were still capable of producing sufficient soluble scFv for detection with the
targetantigenusingWesternblot.Thisshowstheabilityof thesolubleantibodyclones tomaintain its
binding functionality against the target antigen even in reducing conditions.

Soluble scFv Antibody Protein ELISA Against α-Crystalline Antigen

Soluble antibody ELISAwas performed to confirm the binding of the soluble scFv antibodies 1H,
10G, and 1B clone against α-crystalline antigen. IgG 1H, 10G, and 1B α-crystalline antigen
monoclonal antibody showedapositive signal andmaintained its functionality in soluble formwith

Fig. 5 Expression and purification analysis of soluble anti-α-crystalline scFv monoclonal antibodies. a, b, and c
shows the SDS-PAGE analysis of soluble monoclonal antibody clones purified using his-tag column. A clone
1H, B clone 1B, C clone 10G, M Bluelf pre-stained protein ladder, L1 pellet, L2 supernatant, L3 flow-through,
L4 wash 1, L5 elution1, L6 elution 2. d Western blot detection of soluble antibody clones against α-crystalline
antigen. Western blot analysis was carried out where M: Bluelf pre-stained ladder; L1 positive control (ubiquitin
protein); L2 1B, L3 1H, L4 10G
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OD405 after normalizingwith background (Fig. 6a). Figure 6b shows the titration ELISA results of
the scFv cloneswith the continuous line indicating the signal (absorption at 405 nm) resulting from
the binding of the scFv antibody againstα-crystalline antigen at different concentrations. The OD
readouts for the clones at pg levels were low with a gradual increase in OD readouts with an
increasing amount of antigen. The signal increment of all three clones shows a direct correlation to
the amount of antibody used at each concentration. The overall pattern indicates that clone 1B
exhibited stronger binding characteristics compared to the other two clones, 10G and 1H.

Competitive ELISA

The absorbance reading of the competitive ELISA will decrease when two different clones are
competing for the same binding site and vice versa. Absorbance reading above OD 0.5 was
determined as not competing. The three monoclonal antibodies were competed against each other
to determine the competitive binding nature of the clones. All three monoclonal antibodies were
representedbyuniqueV-genefamilysequences.Thismeans thatall threecloneswereindependently
unique in sequence. The analysis shows that clone 1H with IgHV2-VK3 combination competed
with clone1B that has a IgHV2-VK4combination.However, clone10Gwith the IgHV1-LV1gene
combination did not show any competition with the other two clones (Fig. 7).

Fig. 6 Analysis of binding characteristics of enriched scFv monoclonal antibodies against α-crystalline. a
ELISA result of enriched monoclonal scFv clones against α-crystalline antigen. b Titration-based ELISA for
clone 10G, 1H, and 1B against α-crystalline antigen
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Discussion

Cellular immunity for TB infection has beenwell documented, but the inherent role of the humoral
immunity, specifically antibody responses, has been overshadowed by T cell responses. Taking a
closer look at the immunologicalmechanismofB cells, naïveB cells are activated upon interaction
ofthesurfaceimmunoglobulinbasedBcell receptorswithtargetantigensthatarepresentedonMHC
class II molecules [23]. There has been report of protective effects of antibodies in TB with IgA
showing protection in mice [24]. However, IgG-based antibodies were found to mediate
opsonization of MTb bacili for phagocytosis by macrophages [23]. The ability of IgA- and IgG-
based antibodies to promote neutralization and confer protection enhances the importance of
understandingantibody-based responsesduringTBinfection [23].Otherhumanrecombinantnaïve
libraries HAL7/8 were also applied to determine and characterized the specific antibodies against
Mtb antigen 85B [25].However, theHAL7/8 libraries are derived fromhealthy donorswith a naïve
repertoire. This makes the library useful for antibody generation for other targets but is not
specifically suited for a particular disease.

In order to understand the extent of heightened antibody responses during TB infection, a
systematic application to investigate the induced antibody responses in infected individuals would
be required. Antibody phage display provides the unique ability to study the in vivo antibody
representationusingan invitroapproach [19].Notonlyphagedisplay, a combinationbetweenyeast
andphagedisplaywasalsoused to select antibodiesagainstAg85, aTBbiomarker [26].Previously,
an immune scFv library forTBwasgeneratedusingTB-infectedmice.The librarywas successfully
used to generate scFvs against several TBproteins by panning [27]. Even so, the antibodies derived
fromthemouse immunelibrarywillnotbeuseful forhumantherapeuticsdue to the immunogenicity
issues [8]. Therefore, the development of human focused antibody library or immune antibody
library derived from TB-infected individuals would help shed light on the extent of the antibody
repertoire that is generated during TB infections in humans. In this study, a TB immune antibody
librarywas generated usingmaterials from six individuals infectedwith TB. The diversity required
for immune library is lower, because of the presence of a skewed repertoire for disease-specific
targets [5]. The application of materials derived from infected individuals will provide a better
representation of the antibody repertoire as a response to the infection.

Fig. 7 Competitive ELISA of enriched scFv monoclonal antibody protein with monoclonal antibody phage
against α-crystalline. As a control, each antibody protein was incubated without a competitor
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Thequalityof a librarydeveloped ismainlyassessedbasedon thediversityof the librarywith the
general rule that larger library sizes are more likely to provide higher affinity antibodies [28]. The
librarygeneratedwasof amodest diversity in the range109,whichcanbeconsideredsatisfactory, as
immunelibrariesnormally requirea lowerdiversitycompared tonaïve libraries toyieldgoodquality
antibodies [29]. Immune librariesofmodestdiversities around105havealsobeenshown toproduce
high-affinity antibodies [30]. TheV-gene repertoire of the librarywas focused on the IgG instead of
IgA, althoughTBprotection can be associated to themucosal immunology. Even so, a comparison
of antibody isotype responses toward TB has shown that IgG fractions are predominant for TB
antigen fractions [31]. Further classification shows that IgG1 and IgG3 are most predominant
subclasses in TB infections [32]. Therefore, the choice of isotype to be used for the generation of
the immunelibrarywasIgGwith theprimerdesigncovering therepertoire fromall four IgGisotypes
to provide a better coverage of IgG antibody responses against TB. Thiswill hopefully increase the
applicability of the library for antibody generation against other antigenic proteins of TB. The
amplification of the repertoire was carried out individually to preserve the diverse repertoire from
loss because of preferential amplification during PCR [33, 34].

The ensuing librarywas then used for biopanning, a standard approach used for the selection of
antibodies against target antigens by affinity enrichment. After three rounds of selection againstα-
crystalline, approximately 63.6-fold enrichment of phage particles was obtained. The polyclonal
phage ELISA result reflects the enrichment rate of the binders from each round with an increasing
readout from rounds 1 to 3.Monoclonal antibody selectionwas selectedusing enrichedphage from
rounds 2 to 3. Although normal practices are to select for monoclonal antibodies mainly from the
final roundwiththehighestenrichmentratio,weoptedtoalsoincludesomeclonesfromround2.The
reason was by selecting for clones from pre-high enrichment rounds, we wanted to increase the
likelihood of obtaining clones of different identity and characteristics.

The panning and monoclonal selection was able to yield 26 binders to α-crystalline antigen,
out of which only three clones presented complete sequences of the scFv without any unwanted
mutations. The diversity of the antibody antigen-binding sites is attributed to the diversity of the
complementarity-determining regions as well as by the synergistic influence of the VH and VL
pairing. The three clones were unique in terms of the V-D-J segments used for the VH and V-D
segments of the VL. There was a close similarity in the VH repertoire of clones 1H and 1Bwith
VH2 and J3 being preferred.However, the diversifications of theD segmentwithD3–10*01 and
D3–10*02 used for 1H and 1B, respectively. The main variation of the clones was in the VL
pairing. Clone 1Hwas pairing with Kappa V3 and 1Bwith Kappa V4. Clone 10Gwas found to
favorVH1 familywithD4and J6gene segment in combinationwithLambda1 and J3 for theVL.
The isolation of VH2 gene antibodies is normally rare but has been reported to be frequent in
bacterial-associated infections [35]. Each VH and VL has three different CDR that have loop
structure characteristic [36].All three clones showeddifferentCDR lengths thatwill have a direct
impact on the topographical variation of the binding sites on the antibody [37]. Antibodies with
grooves indicate peptide binders, while antibodieswith Bdeep pockets^will bind to haptens [38].
The longer CDRs normally stabilized by cysteine-forming disulfide bridges [7]. The range for
CDR3 length was between 13 to 22 aa for VH and 9 to 11 for VL.

All three antibody clones were successfully expressed and tested for its functionality in soluble
formusingELISA.Although the purification of all three clones did not produce very high yields of
solubleantibodies, all cloneswereable togenerate apositive result inELISAandWesternblotusing
the soluble fractions. This indicates that the soluble antibody was still functional even in reduced
conditions to bind to the antigen. The influences of VL pairing in the solubility and stability of
antibodies have been reported to favor kappa light chains over lambda [39, 40]. This could be also a
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factor that influenced the isolationof twokappa clones during the panning experiment. Even so, the
stability and solubility of the isolated lambda clone was good with comparable yield and binding
characteristics shown by clone 10G.

The isolation of unique antibodies against a similar epitope from an immune library is not
surprising. This is because the nature of the skewed diversity of the immune library would
most likely result in antibody genes being diverted mainly toward an immunogenic site of the
antigens [41]. This is because the immune repertoire would have already undergone affinity
maturation processes to highlight preferential binding toward a particular epitope. Therefore, it
is relevant to determine the cross-reactivity of antibodies isolated from a particular immune
library to identify antibodies of different sequences that can target similar epitopes [7]. The
competitive ELISA showed that clones 1B and 1H competes with each other for binding to the
antigen. This could be due to the high degree of similarity in the V-D-J gene segment usage of
the VH and VL of two clones. Although small pockets of variation in terms of certain gene
segment usage were visible, this may have a profound effect on the overall affinity of the
clones. Although the exact epitope region of the clones were not determined, however, we can
conclude that the clones are either binding to the same epitope or are binding to sites in close
proximity that could result in steric hindrance for competition to occur.

The application of phage display antibody libraries to study antibody responses in infec-
tious diseases provides additional phenotypic information otherwise unattainable from solely
the genotypic information. The success and variation in antibody clones enriched against the
MTb α-crystalline target antigen highlights the impact TB infection has on antibody responses.
Although the library was only applied against α-crystalline, the potential of using the library
against other TB antigens may allow further understanding of the role antibodies play in TB
immunology. A shortcoming to the study is the use of a small number of donors for the library
construction. This may have a direct consequence on the representation of the V-gene
repertoire analysis. Even so, this is a positive effort in correlating antibody-based responses
as a result of TB infection. The library generated can be expanded in the future with more
donor materials and applied against a host of other TB antigens to provide a deeper under-
standing on B cell responses during TB.
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