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Introduction

DNA immunization technology was discovered in the early 
1990s. Significant amounts of work have been done in the past 
20 y to demonstrate that DNA immunization is effective in 
eliciting antibody and T cell immune responses against various 
pathogens in almost every experimental animal model studied.1,2 
More recently, promising immunogenicity results have been 
obtained in human studies when DNA vaccines were used to 
prime host immune responses as part of a heterologous prime-
boost strategy3-5 or as part of an electroporation delivery method 
to deliver DNA vaccines.6,7 One hallmark of recent progress in 
DNA immunization is the confirmation that DNA immunization 
is effective in eliciting high quality polyclonal antibody responses 
in immunized animal or human sera, which show a high degree 
of conformation specificity and high avidity.3,8,9 Frequently, such 
antibodies are also highly functional in their expected biological 
activities, such as blocking the infection of highly virulent HIV-1, 
SARS-CoV, or influenza viruses to targeted cells.8,10,11 Parallel to 
such progress, DNA immunization has also been proposed as a 
useful technology to produce monoclonal antibodies (mAb)12-

14 to decrease the need for protein and peptide antigens for 
immunization. This is significant progress to circumvent the need 
of production and purification of difficult and complex proteins 

Recent studies have demonstrated that DNA immunization is effective in eliciting antigen-specific antibody responses 
against a wide range of infectious disease targets. The polyclonal antibodies elicited by DNA vaccination exhibit high 
sensitivity to conformational epitopes and high avidity. However, there have been limited reports in literature on the 
production of monoclonal antibodies (mAb) by DNA immunization. Here, by using Clostridium difficile (C. diff ) toxin A as a 
model antigen, we demonstrated that DNA immunization was effective in producing a panel of mAb that are protective 
against toxin A challenge and can also be used as sensitive reagents to detect toxin A from various testing samples. 
The immunoglobulin (Ig) gene usage for such mAb was also investigated. Further studies should be conducted to fully 
establish DNA immunization as a unique platform to produce mAb in various hosts.

Potent monoclonal antibodies against Clostridium 
difficile toxin A elicited by DNA immunization

Chunhua Zhang,1-3 Ke Jin,1-3 Yanling Xiao,4 Ying Cheng,5 Zuhu Huang,1-3,* Shixia Wang3,6, and Shan Lu3,6,*

1Jiangsu Province Key Laboratory in Infectious Diseases; The First Affiliated Hospital of Nanjing Medical University; Nanjing, PR China; 2Department of Infectious Diseases; 
The First Affiliated Hospital of Nanjing Medical University; Nanjing, PR China; 3China-US Vaccine Research Center; The First Affiliated Hospital of Nanjing Medical University; 
Nanjing, PR China; 4Jiangsu Haiyuan Protein Biotech Co. Ltd.; Taizhou, PR China; 5ICDC; Chinese Center for Disease Control and Prevention; Beijing, PR China; 6Department of 

Medicine; University of Massachusetts Medical School; Worcester, MA USA

Keywords: DNA immunization, monoclonal antibody, C. diff toxin, toxin A, immunoglobulin genes

Abbreviations: TMB, 3,3-,5,5-tetramethylbenzidine; C. diff, Clostridium difficile; TcdA, C. difficile toxin A; TcdA-C, C. difficile 
toxin A C-terminus; DMEM, Dulbecco’s Modified Eagle Medium; EP, electroporation; ELISA, enzyme-linked immunosorbent 

assay; HRP, horseradish peroxidase; Ig, immunoglobulin; IM, intramuscularly; IP, intraperitoneally; mAb, monoclonal antibodies; 
PBS, phosphate buffered saline; PCR, polymerase chain reaction; tPA, tissue plasminogen activator

while ensuring effective induction of antigen-specific antibody 
responses against native conformation. However, experience 
in using DNA immunization to produce mAb is limited and 
information on the detailed characterization of the quality of 
mAb elicited by DNA immunization is lacking. Furthermore, 
reports on the immunogenetic features of mAb elicited by DNA 
immunization are lacking in the current literature.

In the current study, we produced a group of mouse mAb 
against toxin A of Clostridium difficile (C. diff ) by DNA immu-
nization.15 C.  diff is a top etiology for nosocomical infections 
among hospitalized patients in developed countries and toxin A is 
its key virulence factor.16 Toxin A-specific mAb elicited by DNA 
immunization demonstrated high biological functions in our 
study. Furthermore, the immunoglobulin genes from these mAb 
were also cloned and analyzed. Our data confirmed the utility of 
using DNA immunization to produce high quality mAb.

Results

In our recently published report on the immunogenicity of 
DNA vaccines expressing either toxin A or toxin B of C. diff,15 
we tested two designs of inserts that encode the same 333aa seg-
ment of C-terminal toxin A (between 2378 to 2710) (Fig. 1A). 
Our data showed that the addition of a tPA leader (tPA-TcdA-C) 
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as the detecting antibodies against captured toxin A. Using the 
OD value where the same mAb was used for both detection and 
capture as the baseline, 1G3 and 5D8 were identified as the most 
effective capture mAb to provide high OD values when the other 
four mAb were used as the detecting antibodies (Fig. 3A). The 
other four mAb showed lower OD values when they were used as 
capture antibodies.

More detailed analysis was conducted with mAb 1G3 and 
5D8 as the capture mAb while the other four mAb, labeled with 
HRP, were used as the detecting mAb to test serially diluted toxin 
A. In both cases, 2C7 outperformed the other four detecting 
mAb while the 5D8–2C7 pair gave a slightly higher sensitivity 
over the 1G3–2C7 pair (Fig. 3B and C). Therefore, 5D8–2C7 
and 1G3–2C7 were selected as two-paired mAb to detect C. diff 
toxin A from laboratory or clinical samples at a concentration as 
low as 2 ng/ml.

One pilot study was conducted to detect toxin A from C. diff 
cultured samples. Coded samples were tested by either the sand-
wich ELISA using 5D8–2C7 mAb pair or a commercial C. diff 
toxin A detection kit X/pect by Remel. By using OD value > 0.1 
as the cut off, each time a testing sample had a higher value than 
0.1 in our mAb pair ELISA, the testing result was also positive by 
the commercial kit (Fig. 4A).

In a separate study, known positive stool samples from C. diff-
infected patients were tested. By using the 5D8–2C7 mAb pair-
based ELISA, a quantitative determination of toxin A in a testing 
sample was feasible. The amount of toxin A in each sample was 
determined by using the resulting OD value against the standard 
curve, which was generated with the commercial toxin A using 
the same 5D8–2C7 mAb pair ELISA (Fig. 4B). So far no study 
about the correlation between clinical symptoms and toxin A 
amount in patients has been reported. The availability of a toxin 
A determination kit to quantify the amount of toxin in a testing 
sample may allow for such analysis.

The functional relevance of toxin A-specific mAb produced 
by DNA immunization was demonstrated in an in vitro protec-
tion study. Toxin A-treated CHO cells would demonstrate the 
effect of cytotoxicity in contrast to normal CHO cells without 
such treatment (Fig.  5A and B). Preincubating toxin A with 
each of the six toxin A-specific mAb was able to protect CHO 
(Fig.  5C–H). Similar protection effects with these mAb were 
observed when they were able to block the effects of toxin A on 
another target cell line, HT-29 (data not shown).

The in vivo protective effects of these novel mAb were fur-
ther demonstrated in mice challenged with toxin A (Fig.  6). 
Individually, mAb 4A4 was the most protective (protecting 50% 
mice) while mAb 2C7 and 5D8 were not much different from 
isotype control or PBS (Fig. 6A). However, when 5D8 and 2C7 
were used in combination with 4A4, a higher survival (90%) was 
achieved (Fig. 6B).

The immunoglobulin (Ig) genes for the heavy and light 
chains of mAb 5D8 and 2C7 were PCR amplified and indi-
vidually subcloned into the expression vector, pJW4303 (Fig. 7). 
Co-transfection of matched heavy chain and light chain express-
ing plasmids in 293F cells was able to produce a large quantity of 
recombinant mAb 5D8 and 2C7. The relative binding abilities 

did not further improve the high level antibody responses elic-
ited by a similar insert without a putative signal peptide sequence 
(TcdA-C).15 In the current study, we used the DNA vaccine 
expressing TcdA-C insert to immunize BALB/c mice by elec-
troporation. After four immunizations administered at Weeks 0, 
2, 4, and 8, animals rested for 4 weeks, while the serum samples 
were collected and anti-toxin A antibody response levels were 
tested (Fig. 1B). Animals were then boosted twice with partially 
purified TcdA-C protein at Weeks 12 and 15, and after resting for 
3 weeks, another boost was given 4 d before mouse splenocytes 
were collected.

The conventional procedure for mouse hybridoma fusion 
was followed and those specific for toxin A were screened by 
ELISA. Commercially available C.  diff toxin A was used to 
screen for positive hybridomas. After 5 rounds of screening, a 
total of 40 monoclonal positive hybridomas were identified. The 
top six monoclonal hybridomas for binding titers were shown 
in Figure 2. Supernatants of hybridomas at 1:2 dilution were 
used in ELISA against toxin A (Fig. 2A). Western blot analysis 
confirmed binding specificity and indicated that those mAb 
recognize linear epitopes (Fig. 2B). In this analysis, C-terminal 
toxin A segment was produced in transiently transfected 293T 
cells by tPA-TcdA-C DNA vaccine plasmid and was recognized 
by these six toxin A specific hybridomas.

A sandwich ELISA was conducted to select the most sensi-
tive toxin A-detecting mAb pairs (Fig. 3). Purified mAb from 
hybridoma cell cultures were used in this study. Each time, one 
mAb was used as the capture antibody in a regular ELISA plate 
while all six mAb, labeled with HRP, were tested individually 

Figure 1. (A) Schematic designs of C. difficile toxin A (TcdA) DNA vac-
cines: TcdA-C (C-terminus of TcdA without leader sequence) and tPA-
TcdA-C (TcdA-C with a tPA leader sequence). The amino acid positions 
for corresponding protein segments are indicated. (B) TcdA-C-specific 
antibody responses in mouse sera collected at one week after the 4th 
DNA immunization with either TcdA-C DNA vaccine or the empty vector 
(Mock) against TcdA-C protein expressed in supernatant of tPA-TcdA-C 
transfected 293T cells.
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against toxin A were compared between hybridoma-produced 
mAb and recombinant mAb produced by 293F cells. Both 
recombinant 5D8 and 2C7 mAb matched the high binding titers 
of the same mAb produced by hybridomas (Fig. 8).

Gene sequences of cloned mAb 5D8 and 2C7 were further 
analyzed by IMGT and results are shown in Table 1. Both mAb, 
5D8 and 2C7, had similar levels of heavy (H) chain variable gene 
(VH) mutations while 5D8 had higher mutations than 2C7 in 
the heavy chain J gene (HJ) region. On the other hand, 5D8 
had a longer CDR3 than 2C7. 5D8 belongs to the 1–4*01 VH 
family and 2C7 is part of the VH family 9–2-1*01. Both 5D8 
and 2C7 used kappa chain, which is consistent with the general 
dominance of kappa chain for mouse light (L) chain of immu-
noglobulin genes. They had the same level of kappa (K) chain 
variable gene mutation and the same length of complementar-
ity-determining region 3 (CDR3) even though the kappa chain 
of 5D8 belongs to the 6–17*01 family and 2C7 belongs to the 
3–2*01 family.

Discussion

While the use of DNA immunization to generate mAb was 
proposed almost at the same time when DNA immunization 
was discovered,12 there have been only limited reports on the 
use of this new immunization approach to elicit mAb against 
infectious disease targets in the last two decades.13,14,17-21 Three 
reports described the production of mAb against influenza HA 
antigens.17,18,21 These studies used DNA prime-inactivated virus 
or protein boost strategy as the immunization procedure. One 
study elicited eight mAb against H5 subtype hemaglutinin (HA) 
antigens and three of them exhibited hemagglutination inhibi-
tion  (HI) activity. The other study generated two mAb with 
one targeting the stalk region of hemagglutinins of H1 subtype 
with broad neutralizing activities but not HI activity. The last 
study produced mAb against both HA1 and HA2 domains of 
H5 antigen collected from 1997 Hong Kong H5N1 outbreak and 
they do not cross react with HA antigens collected from 2003 
H5N1 isolates. All three studies demonstrated the utility of DNA 
immunization to elicit antibodies against conformation sensitive 
epitopes. Similarly, DNA immunization followed by a live virus 
boost was able to produce conformation sensitive mAb against 
dengue NS1 protein and among 5 mAb produced, three were 
IgM.20 In a study to generate mAb against Rift Valley fever virus 
nucleocapsid protein, it was also shown that the DNA immu-
nization strategy may have contributed to the proper exposure 
of surrogate determinant(s) mimicking the natural antigens.14 
In this study, both DNA alone and DNA prime-protein boost 
methods were able to elicit mAb.

Two studies with mAb against non-viral pathogens were 
reported. Intramuscular injection of DNA vaccines produced 
mAb against H. Pylori vacuolating cytotoxin.19 The gene gun 
alone approach produced mAb against the 8 kDa Subunit of 
Echinococcus granulosus Antigen B (EgAgB8/2).13 But in both 
studies, only low affinity mAb were produced.

In the current study, we reported the use of DNA immuni-
zation to elicit mAb against a bacterial toxin. Electroporation 

Figure 2. Immunological testing of TcdA-specific hybridoma clones 
generated from TcdA-C DNA vaccine immunized mice. (A) ELISA 
of culture supernatants (1:100 dilution) from selected hybridoma 
clones against TcdA-C. (B) Western blot analysis of mAb purified from 
hybridoma culture supernatants against TcdA-C protein expressed 
in transiently transfected 293T cell supernatant (S) and cell lysate (L). 
Supernatant (S) and cell lysate (L) of 293T cells transfected by the empty 
vector were included as negative control. The TcdA-C specific mAb used 
for Western blot analysis was at 1 μg/ml.

Figure 3. Identification of TcdA-specific mAb pairs to have the optimal 
detection of TcdA toxin by sandwich ELISA. (A) Screening of mAb 
pairs of six mAb, using one as the coating antibody (indicated under 
the columns) and the other as detecting antibody conjugated by 
HRP (indicated at the right side of the graph). Commercial TcdA toxin 
(0.05 μg/ml) was used as designated toxin in the ELISA assays. (B) 
Detection of toxin A with 4 mAb by sandwich ELISA using mAb 1G3 as 
the coating antibody. (C) Detection of toxin A with 4 mAb by sandwich 
ELISA using mAb 5G8 as the coating antibody.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

2160	H uman Vaccines & Immunotherapeutics	 Volume 9 Issue 10

injection alone to deliver DNA vaccines were 
not successful in producing high quality mAb 
from our previous studies (unpublished obser-
vations). We have compared relative immu-
nogenicity among IM needle injection, gene 
gun, and EP methods in generating polyclonal 
serum antibody responses and confirmed the 
Th1 bias for IM and EP and Th2 bias for 
gene gun approach.22 However, the impact of 
the DNA immunization method in the pro-
duction of high quality mAb remains to be 
investigated. The current report attempted to 
include comprehensive analyses on mAb gen-
erated by the EP method, in combination with 
protein boost, and our results provide baseline 
information for more detailed and compre-
hensive studies.

Clostridium difficile infection represents a 
serious challenge to medical practice in many 
developed countries however, information 
from developing countries on this infection 
is generally lacking. One report on C.  diff 
infection in China indicated that such 
infection was present but no systematic study 
was conducted to provide more complete 
epidemiology data.23 One reason is the 

lack of affordable diagnostic kits to be used for clinical or 
epidemiology studies.

In the current report, we describe the production of a panel of 
mAb against the toxin A of C. diff elicited by DNA immunization. 
Due to the large size of C. diff toxins and the toxicity of natural 
materials, it is desirable to use part of the toxin protein as the 
immunogen. DNA immunization is an ideal approach for such 
studies as various subdomains of the toxins can be designed and 
tested while there is no need for the production and purification 
of actual recombinant protein immunogens in vitro. Previously, 
we conducted a comprehensive analysis on candidate C. diff toxin 
antigens.15 Based on the results of this analysis, we selected the 
TcdA-C DNA vaccine to produce the related mAb, as described 
in the current report.

Toxin A-specific mAb identified in our study showed high 
antigen specificity and high antibody affinity. They have 
preserved functional activity as protective antibodies based on 
both in vitro cell protection and in vivo protection against a 
lethal challenge. More significantly, these mAb targeted different 
epitopes of toxin A, which allowed for the development of a 
“cocktail” formulation to improve the in vivo protein or a paired 
detection kit to measure the presence and levels of toxin A in 
testing samples, including clinical samples. Currently, most of 
the commercial toxin detection assays use one mAb to pair with 
polyclonal antibody. With our mAb pair, production costs and 
lot-to-lot variations can be significantly reduced. Recently, one 
study reported a significant correlation between toxin B protein 
concentrations and severities of clinical C.  diff infection,24 
however, no such correlation study has been reported for toxin 
A. By using the mAb pair we identified here, it will be feasible to 

(EP) was used as the DNA delivery approach and protein boosts 
were included in the immunization protocol. We do not know 
whether the protein boost is absolutely needed for the production 
of high quality mAb but using gene gun or intramuscular (IM) 

Figure 4. Detection of TcdA in clinical C. diff samples using TcdA-specific mAb 5D8/2C7-HRP 
pair by sandwich ELISA. (A) Detection of TcdA toxin in blinded clinical samples using mAb 
5D8/2C7-HRP sandwich ELISA and commercial TcdA detection kit “Remel X/pect.” OD values, 
> 0.1 in 5D8/2C7-HRP sandwich ELISA were considered as positive. The results “(+)” and “(−)” 
indicate positive or negative for TcdA toxin in Remel X/pect assays, respectively. S1–S12 were 
clinical samples, and NC was negative control using PBS. (B) Quantitative detection of TcdA 
toxin in clinical samples. The graph on the left is an example of the standard curve of com-
mercial TcdA detected by mAb 5D8/2C7-HRP pair in a sandwich ELISA. The table on the right 
is a list of TcdA toxin amount in clinical samples B1-B5 as determined by mAb 5D8/2C7-HRP 
pair in sandwich ELISA.

Figure 5. The neutralizing activities of TcdA-specific mAb measured by 
their protection against TcdA toxin in CHO cells. Light microscopic im-
ages of CHO cells with various treatments are shown: (A) “Cell control” 
lacks treatment by both TcdA toxin and mAb. (B) “Toxin control” is TcdA 
toxin without any antibody. (C–H) Cells were cultured with TcdA toxin 
with one TcdA mAb, as indicated under each panel. The mAb concentra-
tion was 15 μg/ml.
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immunization and 2 weeks after each immunization. Then, two 
boost immunizations were conducted at Weeks 12 and 15 with 
partially purified TcdA-C fragment produced in 293T cells by 
IM after emulsified with incomplete Freund’s adjuvant (IFA). A 
final boost was given at Week 18, 4 d before splenocytes were 
collected.

Biotinylation of toxin A. Commercially available and lyophi-
lized toxin A (List Biological Laboratories, 152C) was recon-
stituted to 0.1 mg/ml with water according to manufacturer’s 
instruction. Biotin Stock Solution was first prepared by dis-
solving 25 mg of NHS-PEG12-Biotin (EZ-link 21312, Thermo 
Scientific) in 82 μl of DMF (Thermo Scientific, 20673) to reach 
the final concentration of 250 mM. At the time of use, a work-
ing solution (250 μM) was produced by further diluting Biotin 
Stock Solution with DMF. To label 10 μg toxin A, 100 μl of 
toxin A (0.1 mg/ml in PBS) was mixed with 6.0 μl of Biotin 
Working Solution for 30 min at room temperature with shaking. 
Slide-A-Lyzer dialysis Unit (Thermo scientific, 69558) was used 
to remove excess biotin for 30 min. Glycerol was added at 1:1 
ratio by volume and the final product was stored at −20°C.

Enzyme-linked immunosorbent assay (ELISA). The 96-well 
flat-bottom plates were coated with the supernatant from 293T 
cells transfected with the TcdA-C DNA vaccine plasmid at 1:5 
dilution or commercial purchased Toxin A at a concentration of 
1 μg/ml dissolved in phosphate buffered saline (PBS). Detailed 
steps of ELISA were reported before.15

measure toxin A with high sensitivity, making it a useful tool for 
such study in the future.

Finally, similar high quality toxin A-specific recombinant 
mAb were produced from the cloning of Ig genes and expressed 
in 293T cells. These reagents are very useful for the stable pro-
duction and in-depth analysis of toxin A mAb. Furthermore, 
we have conducted the first immunogenetics analysis on mouse 
mAb generated by DNA immunization. It will be interesting 
to see if the method of immunization, including the delivery 
method of DNA vaccines, may impact immunoglobulin gene 
usage and affinity maturation. Again, our data provide use-
ful baseline information for more in-depth analysis in future 
studies.

Given the recent rapid progress in mAb technology, including 
the direct cloning of Ig genes from immunized B cells from both 
animal and human sources,25-28 great opportunities to study and 
optimize the immunization approaches that can be effective in 
eliciting high titer and high affinity antibody responses in the 
hosts, which can then provide high quality B cells for Ig gene 
cloning, are becoming available. In combination with advanced 
deep sequencing technology, the entire process of antigen-spe-
cific B cell development can be monitored. DNA immunization 
offers an attractive approach to study the induction and produc-
tion of high quality mAb and the current report confirmed such 
feasibility.

Materials and Methods

Construction of C.  difficile toxin DNA vaccines. For 
pJW4303-TcdA-C and pJW4303-tPA-TcdA-C DNA vaccines, 
the codon optimized toxin A TcdA-C insert was cloned into 
the pJW4303, as previously reported.15 All of the DNA vaccine 
plasmids were produced from E. coli HB101 strain with Qiagen 
Plasmid Mega kit (QIAGEN, 12181) for in vitro transfection and 
in vivo animal immunization applications.

In vitro expression of target proteins. The expression of 
TcdA-C DNA vaccines was examined individually by transient 
transfection into 293T cells, as previously reported.15 Western 
blot analysis was conducted to confirm the specific expression of 
expected C-terminal fragment of toxin A.

Animal immunization. BALB/c mice (6–8 weeks old) 
purchased from the Experimental Animal Study Center 
affiliated with Chinese Academy of Science were used for DNA 
immunizations. They were housed in the Animal Medicine 
Department of Nanjing Medical University in accordance with 
approved protocol by the institutional animal use committee. 
An electroporator (SCIENTZ-2C) from Scientz Co., Ltd. 
(SCIENTZ, 07-018), which has a non-penetrating caliper 
electrode, was used for the administration of DNA vaccines. 
Briefly, following intramuscular injection of plasmid (100 μg 
per mouse divided at two different sites in the quadriceps muscle 
of the hindlimb), the caliper electrode was placed immediately 
adjacent to the skin of the injection sites; the injection sites 
were electroporated with the following parameters: 50 V, 30 ms 
and 30 Hz. A total of four DNA immunizations were given at 
weeks 0, 2, 4, and 8. Sera were collected prior to the start of 

Figure 6. Passive mAb protection in mice against TcdA toxin challenge. 
(A) Passive protection experiments were conducted with individual 
mAb 2C7, 5D8 and 4A4 and negative controls PBS and mouse Ig isotype 
control matching mAb. * indicates a statistically significant difference (p 
< 0.05) compared with the negative controls (PBS or isotype Ig control 
groups). (B) Passive protection experiments were conducted with 
individual mAb 4A4 or a mixture of two mAb 4A+5D8 or 4A4+2C7, in 
addition to the Ig isotype control. ** indicates a statistically significant 
difference (p < 0.05) compared with the mAb 4A4 alone group. There 
were 24 Balb/C mice in 4A4 group and 8 mice/group in other groups.
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was transferred into the appropriate wells. Plates were incubated 
at 37°C for 1 h; plates were then washed twice with washing buf-
fer. 100 μl of 1 μg/ml biotinylated toxin A was added into each 
well and plates were incubated at 37°C for 1 h. Plates were then 
washed 3 times with washing buffer. NeutrAvid-HRP (Thermo 
scientific, 31001) was added at 1:2000 dilution to each well. 
Plates were washed 3 times with washing buffer then 50 μl of 
TMB substrate solution (Thermo scientific, 34028) was added. 
Plates were allowed to develop and 50 μl stop solution (1M sulfu-
ric acid) was then added. Absorbance was read at the appropriate 
wavelength in a microplate reader.

Western blot. The 293T cell transfection samples were 
subjected to denatured SDS-PAGE and blotted onto PVDF 
membrane (MILLIPORE, IPVH00010). The membranes were 
blocked with 5% dried skim milk. Specific animal immune sera 
raised against individual toxin segments were used as the detecting 
antibody at 1:500 dilution and incubated at 4°C overnight. The 
membranes were washed with blocking buffer and reacted with 
horseradish peroxidase (HRP)-conjugated goat-anti-mouse IgG 
(SouthernBiotech, GAR007) at 1:10 000 dilution and incubated 

at 37°C for 1 h. After the final wash, SuperSignal 
West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific Inc., 34077) was applied to 
the membranes for 5 min. Once they were dry, 
Kodak films were exposed to the membrane and 
developed in the dark room.

Preparation of bacteria culture filtrate. C. diff 
VPI 10463 was inoculated into a BacT/ALERT®N 
259790 culture bottle (bioMérieux, 259790) and 
incubated at 37°C for 72 h. The culture medium 
was then centrifuged at 6000 g for 15 min at 4°C to 
remove cell debris. The culture medium was then 
filtered using 0.45 μm filter, and the filtrate was 
transferred into an Amicon Ultra-15 Centrifugal 
Filter Unit with Ultracel-100 Membrane 
(Millipore, UFC810008) and centrifuged at 
5000 g for 30 min at 4°C. The final product, 
concentrated bacteria culture filtrate, was stored at 
−70°C before use.

In vitro protection study. CHO cells were 
seeded into a 96-well plate with a concentration of 1 × 104 cells 
per well and then cultured under 5% CO

2
 at 37°C for 24 h with 

Dulbecco’s Modified Eagle Medium (DMEM) with 100 U/ml 
penicillin, 0.1 mg/ml streptomycin, and 10% inactivated fetal 
bovine serum. The medium was then discarded and the cells 
were washed with 200 μl pre-heated PBS. Samples were prepared 
as follows and added into triplicate wells: 150 μl of commercial 
purchased toxin A at a concentration of 1.2 μg/ml, which is the 
lowest cytoxic dose to cause all cells to round at 24 h,15 was mixed 
with 150 μl of 30 μg/ml individual mAb and incubated at 37°C 
for 1 h, the final concentration of toxin A was 0.6 μg/ml and 
mAb was 15 μg/ml, while the toxin A at the same concentration 
and DMEM medium only were added into control wells. After 
24 h, the cell morphology was observed under a Nikon ECLIPSE 
TE2000-S microscope (Nikon). One hundred percent inhibition 
of cell rounding was defined as protection function for mAb.

Generation of toxin A mAb. The last boost was performed 
using partial purified TcdA-C fragment produced in 293T cells 4 
d before fusion. Splenocytes were fused with the SP2/0 myeloma 
cells using 50% polyethylene glycol (Roche, 10783641001). After 
HAT (Sigma, H0262) medium selection, culture supernatants 
were analyzed for antibody reactivity against TcdA whole toxin 
using capture ELISA. The specificity and sensitivity of mAb were 
assessed by ELISA and western blot analysis.

Capture ELISA for hybridoma screening. Capture antibody 
(Goat anti-mouse IgG-Fc, 5 μg/ml) (Thermo scientific, 31170) 
was prepared in PBS, 100 μl of this solution was then added to 
each well of a 96-well plate. Plates were incubated overnight at 
4°C. Plates were then washed 2 times with washing buffer. A vol-
ume of 200 μL of blocking solution was pipetted into each well 
and incubated overnight at 4°C. Blocking solution was discarded 
and 100 μl of hybridoma supernatant (1:1 dilution with diluent) 

Figure 8. Comparison of TcdA toxin binding activities for purified mAb 5D8 (A) or 2C7 (B) 
produced either from hybridoma culture or from supernatant of 293T cells co-transfected 
with paired Ig gamma and kappa chain clones. ELISA curves labeled with solid squares 
indicate the mAb produced by hybridoma and open circles indicate mAb produced by 
cotransfection of paired Ig heavy and kappa chain clones. TcdA toxin was used as coating 
antigen (1 μg/ml).

Figure 7. Flowchart of mouse mAb Ig gene cloning steps.
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inactivated by incubating at 99°C for 5 min. For the first round 
PCR, 5 μl of unpurified cDNA was used as a template. The 
concentration of the components and cycling parameters were 
the same as described above for the genomic PCR except that 
PCR buffer I, AmpliTaq DNA polymerase, and J region primers 
were replaced by Pfu Ultra Hotstart buffer, Pfu Ultra Hotstart 
DNA polymerase (Clonetech, 639123), and C region primers, 
respectively. The Pfu DNA polymerase exhibits an average error 
rate of 1.3 × 10−6 mutation frequency/bp/duplication.29 For 
experiments involving low copy templates (e.g., small numbers 
of B cells or single B cells), Taq DNA polymerase was preferred 
over Pfu DNA polymerase because of its higher amplification 
efficiency.
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In vivo protection study. A pre-protection study was con-
ducted first in BALB/c mice to determine 100 ng of Toxin A as 
the absolute lethal dose (LD100). Various mAb, either individual 
or in combination, were mixed with 100 ng of Toxin A and incu-
bated at 37°C for 1 h before intraperitoneal (IP) injection, while 
PBS or irrelevant mAb with the same isotype were used in con-
trol groups. Each group contained 8 mice. Survival rates were 
observed every 12 h for two weeks.

PCR amplification of mAb genes from hybridomas. 
Total RNA was extracted from 107 hybridoma cells using 
a commercially available RNA isolation kit following the 
manufacturer’s instructions (Qiagen, 74204). The purified 
RNA was quantitated spectrophotometrically. The first strand 
cDNA for the expressed H or L chain was synthesized using 
a commercially available kit (Invitrogen L1502-01). For the 
heavy chain, gamma 3' constant primer (IgG2a) was used for 
the reverse transcription reaction, and for the light chain, the 
corresponding primers were used for the κ and λ chains. The 
20 μl reverse transcription reaction mixture consisted of 1× 
PCR buffer II, 0.75 μM antisense primer, 10 mM dNTP mix, 
5 mM MgCl

2
, 1 U of RNase inhibitor, 50 U of MuLV reverse 

transcriptase (Applied Biosystems), and 10 μg of total RNA. The 
reaction was performed at 42°C for 1 h. Reverse transcriptase was 
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