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Introduction

Clostridium difficile is an anaerobic Gram-positive bacillus that 
possesses the ability to form spores resistant to many commonly 
used hospital disinfectants and can survive on medical devices, 
floors and on the hands of medical staff for several months.1-3 
C.  difficile-associated diarrhea is one of the most significant 
emerging hospital acquired infections in Western countries and 
its prevalence has increased at an alarming rate over the past two 
decades. Less developed countries such as China have also seen 
C. difficile infection in specific hospital patient populations.4

C. difficile produces two key virulence determinants, toxin A 
(TcdA) and toxin B (TcdB). The relative importance of these two 
toxins has been re-examined in recent studies. Earlier literature 
indicates that toxin A alone is sufficient to elicit the symptoms of 
C. difficile infection while toxin B is not able to do so unless it 
is mixed with toxin A or there is gut mucosa damage.5 However, 
one recent study suggested that toxin B is essential and a strain 
producing toxin A alone is avirulent.6 However, this finding was 
not held long before a new report showed that isogenic mutants 
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of C. difficile producing either toxin A or toxin B alone could 
cause fulminant disease in a hamster model.7 More significantly, 
by using a gene knockout system to inactivate the toxin genes, 
this study also demonstrated that C. difficile strains producing 
either one or both toxins showed cytotoxic activities in vitro and 
virulence in vivo, thus re-establishing the significance of both 
toxins.

These studies provide important guidance on the develop-
ment of preventive and therapeutic approaches in controlling C. 
difficile infection. Because the widespread use of broad-spectrum 
antibiotics may be a key factor in causing C. difficile infection, 
choices for C. difficile treatment using conventional antibiot-
ics is limited. The rate of treatment failure is high with exist-
ing antibiotic treatments and recurrent infections are frequently 
observed.8-14 Therefore, there is a great need to develop passive 
antibody therapies or active immunization with vaccines target-
ing key virulence factors.15

Toxin A and toxin B are two key targets for vaccines or pas-
sive antibody therapies against C. difficile. Due to the large size 
of both toxins, such efforts usually only use part of each toxin 
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and the third insert, TcdA-T2, codes for the 915 aa spanning the 
remaining part of translocation domain and part of RBD. The 
last two toxin A DNA inserts (TcdA-C and tPA-TcdA-C) express 
the same 324 aa region of the C-terminal part of RBD. The only 
difference between these two inserts is that the tPA-TcdA-C has 
an extra leader sequence from the human tissue plasminogen 
activator (tPA).

Similar to toxin A, toxin B can be divided into three major 
functional domains: the N-terminal glucosyltransferase domain; 
the middle translocation domain; and the C-terminal RBD. 
Using the codon optimized C. difficile toxin B gene sequence 
as the template, a total of six toxin B DNA vaccine inserts were 
produced in the current study to test the immunogenicity of dif-
ferent regions of the toxin B protein (Fig. 1B). The first toxin B 
DNA vaccine insert, TcdB-N, codes for the 546 aa of the entire 
enzymatic domain. The next two inserts, TcdB-T1 (718 aa) and 
TcdB-T2 (593aa), cover the entire translocation domain. A lon-
ger version of the DNA vaccine insert, TcdB-T1-T2, is a com-
bination of TcdB-T1 and TcdB-T2. The last two toxin B DNA 
inserts (TcdB-C and tPA-TcdB-C) express the same 515 aa of the 
C-terminal RBD. The only difference between these two inserts 
is that the tPA-TcdB-C has an extra tPA leader sequence.

The above toxin A and toxin B DNA vaccine inserts were 
individually cloned into the DNA vaccine vector pJW4303 and 
then verified by restriction enzyme digestion and DNA sequenc-
ing before testing their immunogenicity in both mouse and rab-
bit models.

Immunogenicity of TcdA and TcdB DNA vaccines. Mouse 
immunogenicity studies were conducted as a screening step to 
identify the overall ability of the DNA vaccines to elicit antibody 
responses against the autologous regions from toxin A and toxin 
B antigens. Each group of mice was immunized by one toxin A 
or toxin B DNA vaccine.

No antigen-specific serum antibody responses were detected in 
mice immunized with TcdA-N, TcdA-T1 or TcdA-T2 DNA vac-
cines based on ELISA or western blot analysis (data not shown). 
One extra group of mice was immunized with the combination 
of TcdA-T1 and TcdA-T2 DNA vaccines and again no detectable 
TcdA-T antigen-specific antibodies were identified.

In contrast, immune sera from both TcdA-C and tPA-TcdA-C 
groups showed positive antibody responses. When the kinetics of 
mouse antibody responses was analyzed, two out of seven mice in 
the tPA-TcdA-C DNA vaccine group had detectable antigen-spe-
cific antibody responses after only one immunization while none 
of the mice in the TcdA-C DNA group showed any antibody 
responses after one immunization. After two immunizations, all 
seven mice in the tPA-TcdA-C DNA vaccine group had positive 
antibody responses but only five of seven mice in the TcdA-C 
DNA vaccine group had positive antibody responses. After three 
immunizations, all animals in both groups showed positive anti-
body responses and the antibody responses were further boosted 
to very high levels after the fourth immunization (Fig. 2A). End-
titration titers for both groups were very high (~1:106) at week 
10 (two weeks after the fourth and last immunization); there 
were no significant differences in the end titration antibody titers 
between the two groups (Fig. 2B). The control group, in which 

sequence as the antigens. Previous studies have mainly identified 
the C-terminal domain for both toxin A and toxin B,16 toxin A 
C-terminal repeating units17,18 or even one or multiple copies of 
antigenic peptides in this region as the main antigenic regions 
that can elicit protective antibody responses.19,20 In addition to 
protein- or subunit-based vaccines, novel bacterial vectors have 
also been used to successfully deliver antigenic domains to elicit 
protective immunity.21-23 One of the advantages of these vectors 
is that they can be delivered through mucosal routes in animal 
studies to induce both systemic and mucosal immune responses.

Among all of the aforementioned studies, the C-terminal 
receptor binding domain of toxin A has been the main antigen. 
Recently, Gardiner et al. reported that a DNA vaccine expressing 
the same C-terminal receptor binding domain of TcdA induced 
humoral protective immunity in mice24 and Seregin et al. dem-
onstrated that the C-terminal domain expressed by a human type 
5 adenovirus (Ad5) vector could induce cell-mediated immune 
responses and lead to protection against TcdA challenge in 
mice.25 There are fewer reports on vaccine development based 
on toxin B and there is even less information on whether other 
regions of C. difficile toxins can also serve as protective antigens. 
With recent findings that toxin B is essential for virulence of 
C. difficile6 and the fact that naturally occurring A-B+ strains 
exist and may cause clinical C. difficile infection,26,27 it is now 
important to identify novel region(s) on toxin B antigens that 
can maximize the protective efficacy of C. difficile vaccines. In 
the current study, we used the DNA vaccination approach as a 
tool to screen the immunogenicity of various toxin A and toxin B 
fragments. The findings from this study point to the potential of 
the N-terminus of toxin B as a candidate for the development of 
vaccines or antibody-based therapeutics against C. difficile.

Results

Toxin A and toxin B DNA vaccine design. In order to achieve 
high level expression of candidate C. difficile toxin antigens 
in mammalian cells, as would be required for DNA vaccines, 
codons from the original C. difficile toxins gene sequences were 
modified to increase the usage of codons preferred by mammalian 
cells. At the same time, it will be desirable to accommodate the 
potential production of recombinant C. difficile toxin proteins 
in a bacterial expression system, such as E. coli, for protein-based 
C. difficile vaccine development. Therefore, we have produced 
codon optimized C. difficile toxin gene sequences that have the 
potential to achieve high level expression in both mammalian 
and E. coli systems as previously described.28

Based on function, toxin A can be divided into four major 
domains: the N-terminal enzymatic (catalytic) domain, the 
cysteine protease domain, the translocation domain and the 
C-terminal receptor binding domain (RBD).29 Using a codon 
optimized C. difficile toxin A gene sequence as the template, five 
toxin A DNA vaccine inserts were produced and cloned into DNA 
vaccine vector, pJW4303 (Fig. 1A). The first toxin A DNA vac-
cine insert, TcdA-N, codes for the 544 aa of the entire enzymatic 
domain. The second insert, TcdA-T1, codes for the next 929 aa, 
which falls in the N-terminal side of the translocation domain, 
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Western blot analysis (data not shown). Different from toxin A 
DNA vaccines, both C-terminal toxin B DNA vaccines (TcdB-C 
and tPA-TcdB-C) failed to elicit specific antibodies against the 
autologous toxin B antigen segment (data not shown).

In contrast, mouse immune sera from the TcdB-N DNA vac-
cine group showed positive antibody responses. After two immu-
nizations, all animals in the same group developed antibody 
responses against the TcdB-N antigen while there were no spe-
cific antibody responses in the control group (empty DNA vac-
cine vector pJW4303) (Fig. 3A). Titers went up further with the 
third and fourth immunizations. Peak level antibody titers in the 
TcdB-N vaccine group reached about 1:105 (Fig. 3B). Similarly, 

animals received empty DNA vector, did not have any significant 
antibody responses against the TcdA-C antigen (Fig. 2A and B).

New Zealand White (NZW) rabbits were immunized with 
the same pairs of TcdA-C DNA vaccines to produce large quan-
tity of hyperimmune sera for both in vitro and in vivo protection 
studies (see below). Again, peak level TcdA-C-specific antibody 
titers were very similar between animals receiving TcdA-C and 
tPA-TcdA-C DNA vaccines while the pJW4303 vector group did 
not show antigen-specific antibody responses (Fig. 2C).

For toxin B DNA vaccines, no antigen-specific serum anti-
body responses were detected in mice immunized with TcdB-T1, 
TcdB-T2 or TcdB-T1-T2 DNA vaccines based on ELISA or 

Figure 1. Schematic designs of DNA vaccines expressing various regions of C. difficile toxins A and B. (A) C. difficile toxin A (TcdA) DNA vaccines; 
(B) C. difficile toxin B (TcdB) DNA vaccines. The amino acid positions for corresponding protein segments are indicated.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

66	 Human Vaccines & Immunotherapeutics	 Volume 9 Issue 1

293T cell cultures that were transfected with one of these two 
DNA vaccines. Similarly, rabbit sera immunized with TcdB-N 
DNA vaccine recognized the TcdB-N antigen in both cell lysate 
and supernatant of 293T cell cultures (Fig. 4C).

Protective potential of rabbit immune sera elicited by either 
TcdA-C or TcdB-N DNA vaccines. Rabbit immune sera were 
further analyzed for their ability to protect cells and animals 
from toxin challenge. Concentrated bacteria culture filtrate was 
prepared and the presence and amounts of toxin A and toxin B in 
such preparations were determined by ELISA using commercial 
reagents.

Rabbit immune sera elicited by TcdA-C or tPA-TcdA-C DNA 
vaccines were protective against toxin A in HT-29 cells. As shown 
in Figure 5, at 1:200 dilution, rabbit sera from either TcdA-C 
or tPA-TcdA-C vaccine groups protected cells from cytotoxic 
activity while the more concentrated vector control rabbit sera, at 
1:100 dilution, failed to protect cells (Fig. 5A). The final neutral-
izing antibody titers for sera from both groups were very similar, 
both at ~1:5,000 (Fig. 5B).

Rabbit immune sera elicited by the TcdB-N DNA vaccine 
were tested for protective antibody activities against toxin B in 
Vero and CHO cells. TcdB-N immunized rabbit sera (at 1:200 
dilution) protected Vero cells from cytotoxic activity while the 
more concentrated vector control rabbit serum at 1:100 dilution 
failed to protect the cells (Fig. 6A). The mean neutralizing anti-
body titer against toxin B was ~1:200 (Fig. 6B). Similar pro-
tective activities were shown in CHO cells (Fig. 6C) except the 
mean neutralizing antibody titer was lower at ~1:125 (Fig. 6D).

Two in vivo passive antibody protection studies were con-
ducted in BALB/c mice. In one study, mice were challenged with 
the commercial C. difficile toxin A product (Fig. 7A). Animals 
that received either no treatment or pre-bleed rabbit sera all died 
within 24–36 h after challenge, while 100% of animals who 
received rabbit immune sera elicited by the TcdA-C DNA vac-
cine survived the challenge (Fig. 7A).

In the second study, concentrated C. difficile bacterial culture 
filtrate was used as the challenge (Fig. 7B and C). Again, all the 
animals in the no-treatment and pre-bleed treatment groups died 
quickly after the challenge. Rabbit immune sera elicited by the 
two TcdA-C DNA vaccines could partially protect the animals: 
20% of animals survived in the group receiving the tPA-TcdA-
C DNA vaccine rabbit serum and 50% survived in the group 
receiving the TcdA-C DNA vaccine rabbit serum. Both toxin A 
and toxin B were confirmed in VPI 10463 culture filtrate via 
ELISA and therefore, anti-toxin A antibodies alone may not be 
able to provide full protection.

An in vivo passive antibody protection study was then con-
ducted in mice to test the protective potential of rabbit sera 
elicited by the TcdB-N DNA vaccine against concentrated 
C.  difficile bacterial culture filtrate (Fig. 7C). All of the ani-
mals in the pre-bleed treatment group died within 24 h after 
challenge. When used alone, rabbit immune sera elicited by the 
TcdB-N DNA vaccine also failed to protect the animals. When 
TcdB-N rabbit immune sera were used in combination with 
either TcdA-C or tPA-TcdA-C rabbit immune sera, 100% of the 
animals survived although TcdA-C rabbit immune sera alone 

high titer anti-TcdB-N antibody responses were elicited in rabbits 
that received the same TcdB-N DNA vaccine (Fig. 3C).

The specificity of animal immune sera was confirmed by 
Western blot analysis. Rabbit sera immunized with either TcdA-C 
(Fig. 4A) or tPA-TcdA-C (Fig. 4B) DNA vaccines were able to 
recognize TcdA-C antigen in both cell lysate and supernatant of 

Figure 2. Antibody responses elicited by C. difficile toxin A DNA vac-
cines as measured by ELISA. (A) Temporal TcdA-C-specific antibody 
responses in mouse sera (1:500 dilution) receiving empty DNA vector 
pJW4303, TcdA-C DNA and tPA-TcdA-C DNA, respectively. Each curve 
represents the mean OD values plus standard deviation of antibody 
response for each mouse group. The arrows indicate the time points 
of DNA immunizations. (B) Peak level TcdA-C-specific IgG titers in 
individual mouse sera at two weeks after the 4th DNA immunization for 
different mouse groups. Each dot represents one animal. (C) Peak level 
TcdA-C-specific serum IgG titers in rabbits at two weeks after the 4th 
DNA immunization. Each dot represents one rabbit.
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their overall poor immunogenicity (such as the hydrophobic 
region in the middle of toxin B) or the low level antigen expres-
sion by two C-terminal toxin B DNA vaccines. No antigen-spe-
cific serum antibody responses were detected in mice immunized 
with TcdA-N, TcdA-T1 or TcdA-T2 DNA vaccines based on 
ELISA or Western blot analysis, which may be due to the low 
protein expression levels by the current DNA vaccine constructs 
or low immunogenicity of such domains. Such negative data also 

could only achieve 50% protection. By blocking the effect of 
toxin B, anti-toxin B antibodies provided the additional protec-
tive effect when used in combination with anti-toxin A antibod-
ies; however, anti-toxin B antibodies alone were not sufficient to 
demonstrate even partial protection when the effect of toxin A 
was not blocked.

Discussion

Currently there is an active effort by several major pharmaceuti-
cal companies toward the development of vaccines against C. dif-
ficile infection. Passive protection with anti-toxin monoclonal 
antibodies has also been proven effective in reducing recurrent 
C. difficile infection.30 The key element for both active and pas-
sive vaccination approaches is the discovery of high quality pro-
tective antibody responses against two key C. difficile toxins.24 
Traditionally, anti-toxin A antibodies have been widely studied 
but less is known about the immunogenicity potential of toxin B. 
The size and the highly unstable nature of both toxins, especially 
toxin B, have made the use of full-length recombinant protein-
based vaccines less practical. While it is generally known that the 
C-terminal receptor binding regions of both toxins A and B are 
ideal candidates for eliciting protective antibody responses, it is 
not known whether other areas of both toxins can elicit protec-
tive antibody responses.

The current study focused on the immunogenicity of different 
domains of both toxins. A key finding from our study is that the 
N-terminal region of toxin B protein can serve as an excellent 
immunogen to elicit protective antibodies, effective not only in 
protecting cells in an in vitro cytotoxicity assay but also func-
tional in improving the protection of mice against a lethal C. dif-
ficile toxin challenge when used in combination with anti-toxin 
A antibodies. The discovery of this novel N-terminal domain 
of TcdB as a protective immunogen will offer more options to 
design the next generation subunit-based TcdB or TcdA-TcdB 
combination vaccines.

One previous study reported that monoclonal antibody 103–
174, which binds to aa 1–592 at the N-terminal end of toxin 
B, showed neutralizing activity against toxin B in a MR-90 cell 
line-based cytotoxicity assay but failed to protect lethal challenge 
in a mouse model against toxin B challenge.31 Our data provided 
further confirmation to support the idea that the N-terminal 
region of toxin B can serve as a protective immunogen. In light 
of our data, anti-toxin B antibodies appear insufficient to pro-
vide full protection. However, when combined with anti-toxin A 
antibodies, they are fully protective. This finding suggests that 
the N-terminal domain of toxin B should also be considered as a 
candidate immunogen in C. difficile vaccine design. This region 
can also be used to elicit antibodies for therapeutic applications 
as a treatment to control C. difficile infection.

Other results included in the current report are either expected 
or do not reveal any new information. Two toxin A antigen 
designs (both targeting the C-terminal RBD region) were able 
to elicit high titer antibodies that were protective as shown by 
both in vitro and in vivo toxin challenge studies. Other antigen 
designs failed to elicit antigen-specific antibodies reflecting either 

Figure 3. TcdB-N-specific IgG responses measured by ELISA. (A) Tempo-
ral TcdB-N-specific antibody responses in mouse sera (at 1:500 dilution) 
immunized with either the vector or TcdB-N DNA vaccine. Each curve 
represents the mean OD values plus standard deviation for each mouse 
group. The arrows indicate the time points of DNA immunizations.  
(B and C) Peak level serum TcdB-N-specific IgG titers in individual mice 
(B) and rabbits (C), both at two weeks after the 4th DNA immunization, 
respectively. Each dot represents one animal.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

68	 Human Vaccines & Immunotherapeutics	 Volume 9 Issue 1

TcdA-C sera provided better protection (50%) than tPA-TcdA-C 
sera (20%), which may imply that the quality of antibodies elic-
ited by the natural C-terminal domain of toxin A, without any 
extra leader sequence, are more functionally relevant.

It is important to note that we did not use a real vaccination 
study model to directly test the protection against C. difficile dis-
ease by DNA vaccines. Both in vitro and in vivo studies were 
conducted to demonstrate the protective nature of positive anti-
body responses elicited by TcdA-C and TcdB-N DNA vaccines; 
however, these studies do not directly demonstrate the protection 
efficacy of C. difficile DNA vaccines. Identification of protective 
antibodies against toxins in our study will be a necessary first 
step to confirm the immunogenicity of candidate toxin antigenic 
domains, especially for the N-terminal domain of the toxin B 
protein.

DNA vaccination offers a unique technology platform to study 
the optimal antigenic regions from both toxins as this approach is 
able to test the immunogenicity of candidate antigens in animals 
directly without first producing actual antigenic proteins in vitro. 
Once high level antibody responses are elicited, the same antigen 
region can be used to produce subunit-based recombinant toxin 
proteins as vaccines. Furthermore, the same toxin antigens can be 
used to produce hyperimmune sera that can be administered for 
passive antibody protection. Monoclonal antibodies can also be 
generated from a high responder host (animal or human volun-
teers) who received the novel N-terminal region from the C. dif-
ficile toxin B.

It is also possible that immunogens expressed in vivo have 
a better chance to maintain antigen conformation compared 
with inactivated toxoid antigens as previously demonstrated in 
HIV vaccine studies.32 This may be the reason why our TcdB-N 
DNA vaccine was able to elicit protective antibody responses 
while no previous immunization studies have reported similar 
results. Future studies will need to compare the immunogenicity 
between DNA and recombinant subunit protein vaccines target-
ing the same N-terminal region of toxin B to demonstrate the 
relative effectiveness between these two types of vaccines.

Our data provide interesting insight related to the relative 
roles of two toxins in C. difficile infection. While the traditional 
view held that toxin A alone was able to evoke the symptoms of 
C. difficile infection,5 more recent findings indicate that toxin 
B is essential for virulence of C. difficile6 or, at least, that both 
toxin A and toxin B are important.7 Our work indicates that the 
biological outcome of a purified toxin challenge is different from 
a challenge by C. difficile culture filtrate, which more closely 
emulates natural infection. It may be easier to protect against 
challenge by purified toxin A but much more difficult to pro-
tect against challenge by natural C. difficile culture filtrate as it 
contains both toxin A and toxin B components at an unknown 
ratio. At the same time, the recombinant toxin B used in this 
study is not a very effective challenge, making protection studies 
with anti-toxin B antibodies difficult. Only when the role of anti-
toxin B antibodies are measured in combination with anti-toxin 
A antibodies against toxin A and toxin B in C. difficile culture 
filtrate challenge and the efficacy of anti-toxin B antibodies will 
be better demonstrated.

provides useful information when other vaccination approaches 
are tested.

Our study also demonstrates that adding a tPA leader sequence 
may increase the rate of early detection of antigen-specific binding 
antibodies following vaccination with C-terminal toxin A DNA 
vaccines but at peak levels, the difference was less obvious. There 
was no difference in protective antibody responses elicited by 
these two TcdA-C DNA vaccines when measured by an in vitro 
cytotoxicity assay. Interestingly, in the mouse challenge study, 

Figure 4. Western blot analysis of rabbit immune serum against toxin 
A C-terminal domains expressed in 293T cells (both supernatant, S, and 
cell lysate, L) from either (A) TcdA-C or (B) tPA-TcdA-C DNA vaccines. 
DNA vector pJW4303 was used as a negative control. Serum from 
one TcdA-C DNA immunized rabbit (at 1:500 dilution) was used as the 
detection antibody. (C) Western blot analysis of antigen expression 
from TcdB-N DNA vaccine transfected 293T cells. Cells transfected with 
the empty vector were used as negative controls. Serum from one 
TcdB-N-immunized rabbit (at 1:500 dilution) was used as the detection 
antibody.
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Restriction enzyme sites of PstI for TcdA-C and HindIII for 
TcdA-N, TcdA-T1 and TcdA-T2 were included immediately 
upstream of the start codon. Restriction enzyme site BamHI was 
included downstream of the stop codon for all inserts. These 
inserts were individually subcloned into the DNA vaccine vec-
tor pJW4303. For pJW4303-tPA-TcdA-C, which had the tissue 
plasminogen activator (tPA) signal peptide sequence upstream of 
TcdA-C, a tPA-TcdA-C insert was first produced by PCR from 
the TcdA-C insert using the primers F1 (5'-GTC ACT TCG 
CTA GCG CCA GCA CCG GCT ACA CCA GC-3'), incorpo-
rating a NheI restriction site, and primer R1 (5'-AAC TTC GGA 
TCC TCA TCA GCC GTA GAT G-3'), incorporating a BamHI 
restriction site, and then subcloned into pJW4303.

Results from this study act to 
facilitate or confirm the immuno-
gen design of C. difficile vaccines 
using selected domains from both 
toxins. Such subunit antigen-based 
vaccines can be in the form of 
DNA vaccines,24 as shown here, or 
alternatively, recombinant protein-
based vaccines or a vector-based 
vaccine approach.25 Furthermore, a 
prime-boost approach, to combine 
two different vaccine modalities to 
sequentially deliver the same immu-
nogens, may further enhance the lev-
els of protective antibody responses 
as demonstrated in other non-C. dif-
ficile vaccine studies.33-35

Materials and Methods

Codon optimization of C. diffi-
cile toxin genes. The codon usages 
of tcdA (gene coding for the toxin 
A of C. difficile) and tcdB (gene 
coding for the toxin B of C. diffi-
cile) (GenBank accession numbers: 
M30307 and X53138, respectively) 
were analyzed with the MacVector 
software 7.2 against codon prefer-
ence of Homo sapiens and Escherichia 
coli. While the new codon optimized 
tcdA and tcdB genes were designed 
mainly for the development of TcdA 
and TcdB DNA vaccines, the less 
optimal codons in the tcdA and tcdB 
genes were changed to the preferred 
codons to allow a higher expression 
of the resulting TcdA and TcdB 
protein domains in both mamma-
lian and E. coli expression systems.28 
Sequence optimization was also per-
formed to make the mRNA more 
stable and to make the gene more 
favorable for transcriptional and translational processes. During 
sequence optimization, the following cis-acting sequence motifs 
were avoided: internal TATA-boxes, chi-sites and ribosomal 
entry sites; AT-rich or GC-rich sequence stretches; INS (inhibi-
tory sequences), CRS (cis-acting repressor sequences) elements; 
cryptic splice donor and acceptor sites; and branch points. The 
codon optimized tcdA and tcdB gene sequences were chemically 
synthesized at GeneArt (Regensburg, Germany) and restriction 
enzyme sites for subcloning purposes were added immediately 
upstream of the start codon and downstream of the stop codon.

Design and cloning of C. difficile toxin DNA vaccines. The 
codon optimized gene fragments of toxin A TcdA-N, TcdA-T1, 
TcdA-T2 and TcdA-C were chemically synthesized by GeneArt. 

Figure 5. Anti-TcdA neutralizing activity measured against HT-29 cells. (A) Light microscopic images 
of HT-29 cells with various treatments: “Cell control” lacks treatment by both diluted bacteria culture 
filtrate and rabbit immune sera; “Toxin control” is the addition of diluted bacteria culture filtrate without 
any rabbit immune sera; “TcdA-C,” “tPA-TcdA-C” or “Vector” indicates that the cells were cultured with 
diluted bacteria culture filtrate pre-incubated with sera from one of the following rabbit groups: TcdA-C, 
tPA-TcdA-C or empty vector. Sera were diluted at 1:200 except for vector control group sera, which was 
diluted at 1:100 dilution. (B) Summary of anti-TcdA neutralizing antibody titers (NAb) in individual rabbit 
sera two weeks after the 4th DNA immunization.
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from the TcdB-C gene template using the primer F2 (5'-GTC 
ACT TCG CTA GCG TAA CAG TAG GAG ATG ATA AG-3'), 
incorporating a NheI restriction site, and primer R2 (5'-GAG 
CTC GGA TCC TTA TTA TTC ACT TAT TAC-3'), incorpo-
rating a BamHI restriction site, and then the tPA-TcdB-C insert 
was subcloned into pJW4303. All of the DNA vaccine plasmids 
were produced in large amounts from E. coli HB101 strain with 
Qiagen Plasmid Mega kit (QIAGEN, 12181) for in vitro transfec-
tion and in vivo animal immunization studies.

In vitro expression of target proteins. The expression of 
toxin A and toxin B DNA vaccines was examined individually 
by transient transfection of 293 T cells, as previously reported.36 
Transfection was done when cells were at approximately 70% 
confluence on 100 mm dishes by polyethylenimine co-precipita-
tion, using 15 μg of plasmid DNA per dish. At 72 h after trans-
fection, cells were harvested and the supernatants and cell lysates 
were collected.

Western blot. The 293 T cell transfection samples were sub-
jected to denatured SDS-PAGE and blotted onto PVDF mem-
brane (MILLIPORE, IPVH00010). The membranes were 
blocked with 5% dried skim milk. Specific animal immune sera 
raised against individual toxin segments were used as the detect-
ing 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-rabbit 
IgG (SouthernBiotech, GAR007) at 1:10,000 dilution and incu-
bated 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.

Animal immunizations. NZW rabbits (2 kg body weight) and 
BALB/c mice (6–8 weeks old) purchased from Shanghai Animal 
Center, Chinese Academy of Science and Jiangsu Provincial 
Academy of Agriculture, respectively, were used for immuno-
genicity studies. 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) was used for the inoculation of DNA vac-
cines, as previously described.37 Briefly, following intramuscular 
injection of plasmid (200 μg per rabbit or 100 μg per mouse 
divided at two different sites in the quadriceps muscle of the 
hindlimb), the injection sites were electroporated with the follow-
ing parameters: 100 V (electric voltage), 60 ms (time constant), 

The codon optimized fragments of toxin B TcdB-N, 
TcdB-T1, TcdB-T2 and TcdB-C were also chemically synthe-
sized by GeneArt with HindIII site added immediately upstream 
of the start codon and BamHI site located downstream of the 
stop codon. They were individually inserted into the pJW4303 
vector. For pJW4303-tPA-TcdB-C, which had the extra tPA sig-
nal peptide sequence upstream of TcdB-C, PCR was conducted 

Figure 6. Anti-TcdB neutralizing activities measured in CHO (A and B) 
or Vero (C and D) cells. (A and C) Examples of CHO (A) and Vero cells (C), 
respectively. “Cell control,” without addition of both diluted bacteria 
culture filtrate and antibody; “Toxin control,” with addition of bacteria 
culture filtrate but without rabbit serum treatment; “TcdB-N” or “Vec-
tor” indicate that the cells were cultured with bacteria culture filtrate 
pre-incubated with TcdB-N or empty vector immunized rabbit serum, 
respectively. (B and D) Anti-TcdB neutralizing antibody titers in CHO (B) 
and Vero cells (D), respectively. Individual rabbit sera were measured at 
two weeks after the 4th DNA immunization in each DNA immunization 
group: empty DNA vector, and TcdB-N.
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Two sandwich ELISA studies were conducted to determine 
the amount of toxin A and toxin B in concentrated bacteria cul-
ture filtrate. A toxin A Detection Kit (Haiyuan Protein Biotech, 
CD-ToxinA-012a) was used to determine the amount of toxin A. 
For toxin B, a sandwich ELISA was developed with toxin-spe-
cific polyclonal antibodies purchased from Meridian (Meridian 

and 60 Hz (frequency) for rabbits or 50 V, 
30 ms and 30 Hz for mice. A total of four 
immunizations were given at weeks 0, 2, 4 
and 8. Sera were collected prior to and 2 
weeks after each immunization.

Enzyme-linked immunosorbent assay 
(ELISA). ELISA was conducted to measure 
the specific antibody responses in sera of 
immunized rabbits and mice, as previously 
described.37 The 96-well flat-bottom plates 
were coated with the supernatant or lysate 
of 293 T cell transfected with a particular 
C. difficile toxin segment DNA vaccine 
plasmid at 1:5 or 1:10 dilution in phos-
phate buffered saline (PBS), respectively. 
Samples were incubated at 37°C for 1 h 
and then washed five times with PBS con-
taining 0.05% Tween-20. Blocking buffer 
(5% dried skim milk, 0.05% Tween-20 in 
PBS at pH 7.2) was then added and incu-
bated under the same conditions as above. 
After another five washes, 100 μl of seri-
ally diluted rabbit or mouse sera was added 
into the duplicate wells and incubated the 
same as above. After another set of washes, 
100 μl biotinylated goat-anti-rabbit IgG 
or goat-anti-mouse IgG (SouthernBiotech, 
4050–08 and 1030–08, respectively) 
was added, which was diluted to 1:5,000 
with PBS containing 4% Whey and 0.5% 
Tween-20. The plates were incubated the 
same as above before 100 μl of 1:4000 
diluted HRP-conjugated streptavidin 
(SouthernBiotech, 7100–05) was added 
after the washes and incubated for another 
1 h. After the final wash, the plates were 
developed with 100 μl 3,3-,5,5-tetra-
methylbenzidine (TMB) (Sigma, T3405–
100TAB) solution per well for 3.5 min. 
The reaction was stopped by adding 50 μl 
of 1M H

2
SO

4
, and the plates were read at 

450 nm. The end titration titer was deter-
mined as the highest serum dilution that 
had an OD value more than twice of that 
from the negative control serum.

Preparation of bacteria culture filtrate. 
C. difficile VPI 10463 was inoculated into 
a BacT/ALERT®SN 259790 culture bottle 
(bioMérieux, 259790) and incubated at 
37°C for 72 h. The culture medium was 
then centrifuged at 6,000 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, con-
centrated bacteria culture filtrate, was stored at -70°C before use.

Figure 7. Passive antibody protection of mice against commercial toxin A product (A) or 
C. difficile concentrated culture filtrates (B and C). The filtrate was incubated with various rabbit 
immune sera and prebleed sera, as indicated. *Indicates p < 0.05; **indicates p < 0.01, when 
compared with the group inoculated with pre-bleed. See Materials and Methods section for 
study group designs.
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against TcdA-C using commercial toxin A as the challenging 
agent. There are three groups: (1) the negative group was injected 
intraperitoneally (i.p.) with 100ng commercial toxin A (in  
100 μl) without any treatment; (2) TcdA-C group was injected 
i.p. with the mixture of 100 μl of 100 ng commercial toxin A 
and 11μl rabbit immune sera collected at two weeks after the 
fourth TcdA-C DNA immunization; and (3) Pre-bleed I group 
was injected i.p. with the mixture of 100 ng commercial toxin A 
(in 100 μl) and 11 μl rabbit prebleed sera from the TcdA-C vac-
cine group. Each group contained 12 mice and the mixture for 
i.p. injection was pre-incubated at 37°C for 1 h.

In the second type of challenge studies, each BALB/c mouse 
was injected i.p. with one LD100 (100 μl of 1:200 diluted bac-
teria culture infiltrate) with or without pre-mixing of rabbit 
sera as described below. Animals were divided into the follow-
ing groups: (1) the negative control group (n = 25 mice) did 
not receive any treatment; (2) Pre-bleed-II group (n = 25 mice) 
received a mixture of 100 μl diluted bacteria culture filtrate,  
5.5 μl pre-immunized rabbit sera from the TcdA-C vaccine 
group and 5.5 μl pre-immunized rabbit sera from tPA-TcdA-C 
vaccine group; (3) Pre-bleed-III group (n = 25 mice) received a 
mixture of 100 μl diluted bacteria culture filtrate, 5.5 μl pre-
immunized rabbit sera from the TcdB-N vaccine group and 5.5 
μl pre-immunized rabbit serum of TcdA-C vaccine group; (4) 
Pre-bleed-IV group (n = 20 mice) received a mixture of 100 μl 
diluted bacteria culture filtrate, 5.5 μl pre-immunized rabbit 
sera from the TcdB-N vaccine group and 5.5 μl pre-immunized 
rabbit serum of tPA-TcdA-C vaccine group; (5) the TcdA-C 
group (n = 25 mice) received a mixture of 100 μl of diluted 
bacteria culture filtrate with 11 μl rabbit serum collected at 
two weeks after the fourth TcdA-C immunization; (6) the 
tPA-TcdA-C group (n = 20 mice) received a mixture of 100 
μl of diluted bacteria culture filtrate and 11 μl rabbit serum 
collected at two weeks after the fourth tPA-TcdA-C immuniza-
tion; (7) the TcdB-N group (n = 25 mice) received a mixture of 
100 μl diluted bacteria culture filtrate and 11 μl rabbit serum 
collected at two weeks after the fourth TcdB-N immunization; 
(8) the TcdB-N+TcdA-C group (n = 25 mice) received a mix-
ture of 100 μl diluted bacteria culture filtrate and 11 μl rabbit 
serum collected at two weeks after the fourth TcdB-N immu-
nization and 11 μl rabbit serum of two weeks after the fourth 
TcdA-C immunization; (9) the TcdB-N+tPA-TcdA-C group 
(n = 20 mice) received a mixture of 100 μl diluted bacteria 
culture filtrate and 11 μl rabbit serum collected at two weeks 
after the fourth TcdB-N immunization and 11 μl rabbit serum 
collected at two weeks after the fourth tPA-TcdA-C immuniza-
tion. All of the mixtures for i.p. injection were pre-incubated 
at 37°C for 1 h. Survival rates were observed every 12 h for  
two weeks.

Statistical analysis. Student’s t-test was used to analyze the 
differences in TcdA- and TcdB-specific binding and neutral-
izing antibody responses against TcdA or TcdB in immune ani-
mal sera between different immunization groups. Fisher’s exact 
test was used to analyze the passive protection rates in mouse 
challenge studies. A p value of less than 0.05 was considered 
significant.

Bioscience, Inc., B01246R) for both capturing and detecting 
purposes. A standard curve was generated using serially diluted 
commercial toxin A or toxin B products with known concentra-
tions (List Biological Lab, 152C and 155B, respectively). Standard 
curves were plotted as the standard toxin A or toxin B protein 
concentration (ng/ml) against the corresponding mean OD value 
of replicates. A four-parameter curve fit analysis (SOFTmax Pro 
ver.3) was chosen with a R2 > 0.997. The amount of toxin A or 
toxin B in concentrated bacteria culture filtrate was determined 
by interpolating the OD values of test samples into the above 
standard curves. The amounts of toxin A and toxin B in the 
concentrated bacterial culture filtrate were 249.76 μg/ml and  
212.7 μg/ml, respectively.

In vitro protection study. HT-29 cells were inoculated into 
a 96-well plate with a concentration of 2 × 104 cells per well and 
then cultured under 5% CO

2
 at 37°C for 24 h. The medium was 

then discarded and the cells were washed with 200 μl pre-heated 
PBS. Bacteria culture filtrate was serially diluted with Dulbecco’s 
Modified Eagle Medium (DMEM) with 100 U/ml penicil-
lin, 0.1 mg/ml streptomycin and 10% inactivated fetal bovine 
serum, and then 100 μl of diluted bacteria culture filtrate was 
added into triplicate wells, while the DMEM medium without 
any bacteria culture medium concentrate was added into con-
trol wells. After 24 h, the cell morphology was observed under a 
Nikon ECLIPSE TE2000-S microscope (Nikon). The minimal 
dose of bacteria culture filtrate needed to cause 100% rounding 
of the cells was defined as 1 cytotoxic unit (CTU). For HT-29 
cells, 1 CTU = 1:327,680 dilutions of concentrated bacteria cul-
ture filtrate.

For protection studies of antibody against TcdA-C, the 
HT-29 cells were prepared in the same way as above. Using 1:100 
as the initial dilution, 100 μl of serially diluted rabbit sera col-
lected at two weeks after the last immunization and inactivated 
at 56°C for 30 min were mixed with 4 CTU bacteria culture 
infiltrate (in 100 μl) and incubated at 37°C for 1 h. The mix-
ture was then added into the triplicate HT-29 cell wells and cul-
tured for another 24 h. Cell morphology was observed under a 
Nikon ECLIPSE TE2000-S microscope and the neutralization 
antibody titer was defined as the reciprocal of the highest serum 
dilution that achieved 100% inhibition of cell rounding.

Similarly, Vero and CHO cells were used to evaluate antibody 
against rabbit sera elicited by the TcdB-N DNA vaccine with the 
following difference: the cell density was 1 × 104 cells per well for 
Vero and CHO cell assays. For Vero cells, 1 CTU = 1:1,310,720 
dilutions of concentrated bacteria culture filtrate. For CHO cells, 
1 CTU = 1:163,840 dilutions of concentrated bacteria culture 
filtrate. For protection study in both cell types, 100 μl of 4 CTU 
concentrated bacteria culture filtrate was used in each well.

In vivo protection study. First, a pre-protection study was 
conducted in BALB/c mice with serially reduced challenge dose 
of concentrated bacteria culture filtrate and the absolute lethal 
dosing (LD100) was determined to be 100 μl of 1:200 diluted 
concentrated bacteria culture filtrate (containing 125 ng of toxin 
A and 106 ng of toxin B).

Two types of challenge studies were then conducted. The 
first study evaluated the protective efficacy of rabbit antibody 
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