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ABSTRACT

To fully understand the assessments of  vaccine efficacy and safety, the crucial information needed for regulatory approval, one 
must understand the principles of  vaccine epidemiology. In this review article, we go through some of  the key concepts in vaccine 
epidemiology.

Keywords
Vaccine efficacy; Effectiveness; Overall effectiveness; Vaccine-preventable disease incidence; Public health impact.

INTRODUCTION

One of  the crucial chapters in the history of  science is the 
advancement of  vaccine research and their impact on human 

longevity and health.1 History of  modern vaccination officially 
began with the discovery of  smallpox immunization by Edward 
Jenner in the late 18th century.2 Since then, substantial progress has 
been achieved in the prevention of  infectious diseases with inac-
tivated vaccines, and a number of  major disease agents have been 
controlled (most notably, smallpox, poliomyelitis, rabies, diphthe-
ria, tetanus, per-tussis, measles, mumps, and rubella).3 Progress 
in vaccine research has resulted in a significant decrease in infec-
tion-associated morbidity and mortality, and as knowledge of  mi-
crobiology and immunology began to grow through the 20th centu-
ry, the science of  vaccinology continued to rapidly evolve, putting 
more emphasis on the importance of  developing safe and effec-
tive strategies for infectious disease prevention in the 21st century.4 

 One important discussion in the public health communi-
ty is regarding how to optimally assess and measure the full public 
health value of  preventive vaccines and incorporate that knowl-
edge into the evidence-based decision-making process of  vaccine 
licensure and recommendations for public health use.5 Thus, be-
fore each new vaccine is considered for licensure, the crucial ques-
tion that needs to be addressed satisfactorily is “How well does the 
candidate vaccine prevent the disease?” This question, seemingly basic, 

often becomes quite complex to answer for health practitioners. 
One key step to remedy that is to enhance knowledge and under-
standing of  vaccine epidemiology among health practitioners, as 
well as policy makers, public health experts, etc. It has also been 
argued that such knowledge will benefit the society through in-
formed decision-making and improved vaccination coverage.6

 Epidemiology is the study (scientific, systematic, da-
ta-driven) of  the distribution and determinants (causes, risk fac-
tors) of  health-related outcomes in specified populations, and the 
main application of  this discipline is to advance best practices in 
public health. While vaccinology delves into understanding how 
vaccines work, epidemiology helps to ascertain the public health 
impact of  a particular vaccine, and whether it is needed in the tar-
geted population. Hence it is essential for understanding the impli-
cations of  a vaccination program on the community and individ-
uals. ‘Vaccine epidemiology’ thus builds a bridge between public 
health, basic medical sciences, and clinical medicine, and is aimed 
at maximizing the benefit of  existing knowledge in these areas.6

 This review article outlines the key concepts in vaccine 
epidemiology, such as risk reduction, odds ratio, vaccine efficacy 
and effectiveness, basic reproductive numbers, herd immunity, etc, 
that are key to understanding the impact of  vaccines for public 
health researchers.
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Vaccine Efficacy vs Vaccine Effectiveness 

Although the terms ‘efficacy’ and ‘effectiveness’ are used inter-
changeably in everyday language, in the context of  vaccine studies 
the terms have distinctly different meanings.7 ‘Efficacy’ is defined 
as the percentage by which the rate of  the target disease is reduced 
among those who are vaccinated compared to those who are un-
vaccinated under ideal and controlled circumstances.8 Hence, effi-
cacy is typically measured in the context of  a placebo-controlled 
randomized clinical trial as the ‘per protocol’ efficacy (that is, only 
in individuals who followed the recommended schedule), as the 
intention is to establish the biologic performance capacity of  the 
product under optimal conditions.7 On the other hand, ‘effective-
ness’ measures the percent reduction in the rate of  disease as effica-
cy, but in the context of  a routine, real-world use of  the vaccine. It 
generally differs in magnitude from the efficacy seen in controlled 
settings, as in routine use program implementation is more variable 
than in clinical trial settings. Thus, vaccine effectiveness is defined 
as the reduction in the incidence of  the disease for those receiving 
the vaccine intervention in real world settings and can be further 
categorized into direct, indirect, total and overall effectiveness.

 Vaccination can reduce transmission in a community be-
yond the direct protective effect in vaccinated individuals. Indirect 
effects of  a vaccine are the effects in individuals who were not 
vaccinated, or at least those who were not vaccinated as part of  the 
strategy of  interest, due to an increase in the population level of  
immune protection, also known as herd immunity.9,10 Herd immu-
nity describes the collective immunological status of  a population 
of  hosts, as opposed to an individual host, with respect to a given 
pathogen. The total effects are the combined population-level ef-
fects of  the vaccination strategy and the direct protective effects 

of  vaccination in those individuals who received the vaccine. The 
overall effect of  a vaccination strategy is the average effect in the 
population in those who did and did not receive the vaccine com-
pared to if  the population had not had the vaccination strategy.11,12 
Thus, the overall effectiveness considers benefits accrued by both 
vaccinated and unvaccinated individuals, and it is the measure most 
commonly used to evaluate the impact of  a mass vaccination pro-
gram at the population level.13 Establishing that there is a significant 
indirect effect can have important vaccine policy implications,11 
and hence, the indirect causal effects of  vaccination in popula-
tions have been studied extensively in the literature (Figure 1).14,15,16

Measures of Vaccine Epidemiology

Vaccine epidemiology is defined as the study of  the effects and in-
teractions of  vaccines on the epidemiology of  vaccine preventable 
diseases. Understanding the pattern of  diseases and their interac-
tions with vaccines by different demographic and socio-economic 
factors, including geographical, income status, urban/rural, gender 
variations, etc, is crucial for advancing the ultimate public health goal 
of  disease moderation and eradication, and the key to this knowledge 
is based on the principles of  epidemiology. In this section, we will re-
view some important concepts in vaccine epidemiology (Figure 2).

Absolute Risk Reduction (ARR): The absolute difference in risk 
between the unvaccinated and vaccinated.

                                          c                a
                        ARR=                 -                 = |Iu-Iv |
                                       (c+d)         (a+b)

        c                             a
where Iu=                and  Iv=                 are the incidence rates of
     (c+d)                      (a+b) 
the disease among the vaccinated and the unvaccinated respectively. 
The incidence difference Iu-Iv is also known as vaccine preventable 
disease incidence or vaccine-preventable disease incidence (VPDI).

Number Needed to Treat (NNT): The number of  patients needed 
to vaccinate to prevent one additional disease outcome:

                                     NNT=1/ARR

Risk Ratio (RR): The ratio of  risk between the vaccinated and the 
unvaccinated.
            

Figure 1. Different Measures of Vaccine Effectiveness and the Respective Study Designs 
for Evaluation of Each Measure Based on Comparison Populations. Population A and B are 
Separated in Every Way to Ensure that there is no Interaction Between them with Respect 
to Transmission Dynamics. In Population A, Some Individuals are Vaccinated, while Others are 
not. In population B, Nobody is Vaccinated17 Figure 2. A Hypothetical 2X2 Contingency Table where ‘a’ and ‘b’ Represent the Number 

of Vaccinated Individuals with and without the Disease Respectively, and Similarly ‘c’ and ‘d’ 
Represent the Number of Unvaccinated Individuals with and without the Disease Respectively
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                                          Iv             (a/(a+b))
                               RR=         =
                                          Iu             (c/(c+d))
Odds Ratio (OR): The ratio of  odds of  the disease in the vaccinat-
ed and that of  the disease in the unvaccinated.
   
                                              (a/c)           ad
                                  OR=               =
                                             (b/d)           bc

Relative Risk Reduction (RRR) or Vaccine Efficacy (VE): It is also 
called ‘prevented fraction among the vaccinated’ as it measures the 
proportion of  the disease incidence among vaccinated persons 
which was prevented by vaccination, or equivalently ‘preventable 
fraction among the unvaccinated’, as it measures the proportion of  
the disease incidence among unvaccinated persons which is theo-
retically preventable by vaccination.
    
            Iv
                RRR=VE=1-RR=1- 
                                                                  Iu

 Vaccine efficacy (VE) has been alternatively called rate 
fraction, etiologic fraction, and an attributable fraction. The ex-
pression describes the fraction of  cases prevented by the vaccine. 
VPDI, in contrast to VE, is not a fraction, but an incidence. Math-
ematically VPDI is equal to Iu×VE. This latter formulation em-
phasizes that VPDI encompasses both VE and the background 
incidence of  the disease syndrome in question.18 Vaccine efficacy 
can sometimes fail to capture the complete public health impact of  
vaccines and can be relatively low when preventable disease burden 
is high. In this regard, measures beyond efficacy (like VPDI) may 
be more appropriate and could have a role for both vaccine licen-
sure and policy recommendations.5

Community Effectiveness (CE): Incidence rates among vaccinated 
or unvaccinated compared to the total population. It is also called 
the prevented fraction in population, that is, proportion of  new 
disease cases in the total population that have theoretically been 
prevented by vaccination.

                                                    Ip
                                     CE=1- 
                                                    Iu

where Ip is the incidence rate of  the disease in the population. This 
measure is related to VE as

                                   CE=VE × PPV

where PPV is the proportion of  the population vaccinated or cov-
erage.

Basic reproductive number (R0): Measures the average number 
of  secondary cases generated by one primary case in a suscepti-
ble population.19,20 The magnitude of  R0 can be ascertained by 
cross-sectional and longitudinal serological surveys. In general, for 

an epidemic to occur in a susceptible population R0 must be >1, 
so the number of  cases is increasing. On the other hand, if  R0<1, 
the disease dies out as we have a shrinking pool of  infected indi-
viduals.6
 
Effective reproductive rate (Re): The effective reproductive rate 
Re estimates the average number of  secondary cases per infectious 
case in a population made up of  both susceptible and non-suscep-
tible hosts.

                                    Re=R0x

where x is the fraction of  the host population that is susceptible.

Herd immunity Threshold (HIT): Herd immunity occurs when a 
significant proportion of  the population (or the herd) have been 
vaccinated, and this provides protection for unprotected individu-
als. The herd immunity threshold is the proportion of  a population 
that needs to be immune in order for an infectious disease to be-
come stable in that community. If  this is reached, for example due 
to immunization, then each case leads to a single new case (that 
is, Re=1) and the infection will become stable within the popula-
tion.21,22

                                          1
        HIT=1-
            R0

CONCLUSION

At the post-licensure level, we have entered an era of  vaccine 
evaluation where all aspects of  the public health value of  vaccines 
beyond efficacy should be assessed.5,8 Evidence of  the protection 
afforded by new vaccines in the context of  real-world immunization 
programs is important for accelerating and sustaining their uptake 
globally.7,23,24 Furthermore, analytic plan reporting for pre-licensure 
phase III pivotal trials should also include incidence rate reductions 
(VPDI) and number needed to treat (NNT) besides just VE.

 The understanding of  vaccine epidemiology has the 
potential to save additional lives from vaccine preventable diseases 
and improve health outcomes. Vaccine epidemiology should 
be part of  key modules in the teaching of  undergraduate and 
postgraduate medical students. Public-health program managers 
and policymakers should be trained in vaccine epidemiology 
through continued medical education and on-the-job training 
programs.6
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ABSTRACT

Surgery, chemotherapy, and radiotherapy are successfully used to treat patients with tumors or cancers. However, the innovation 
of  more potent therapeutic modalities is essential for the efficient treatment of  patients with advanced cancers. More than two 
centuries ago, bacteria have been observed to have beneficial effects in some cancer patients. Virulence factors of  some bacteria 
and their infectious behavior in the body suggest their effectiveness in tumor suppression. At present, bacillus calmette-guérin 
(BCG), a live attenuated strain of  Mycobacterium bovis, is currently used to treat bladder cancer. Some other bacteria have also been 
found to have antitumor activities. Anaerobic bacteria can colonize solid tumors and exert an intrinsic antitumor effect. Salmonella 
is the most studied bacterium in the field of  bacterial anticancer therapy in preclinical studies. In this article, we discuss progress 
in the development of  bacterial anticancer vaccines, especially Salmonella-based vaccines, their antitumor efficacy, and mechanisms 
involved in vaccine-mediated cancer cell death.

Keywords
Cancer; Vaccine; Bacteria; Salmonella; Apoptosis; Immune responses; Cancer therapy efficacy.

Abbreviations
MHC: Major Histocompatibility Complex; TGF-β: Transforming Growth Factor-Beta; VEGF: Vascular Endothelial Growth 
Factor; IL: Interleukin; PD: Programmed Cell Death; APCs: Antigen Presenting Cells; PD-L1: PD-Ligand 1; TLRs: Toll-Like 
Receptors; BCG: Bacillus Calmette-Guérin; CFU: Colony-Forming Units; TNF-α: Tumor Necrosis Factor-Alpha; TRAIL: 
Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand; PSA: Prostate-Specific Antigen; CTLA-4: Cytotoxic T Lymphocyte 
Associated Antigen-4, IFN-γ: Interferon-Gamma; Th1: T Helper Type 1; Omp A: Outer Membrane Protein A.

INTRODUCTION

Hundreds of  years ago, variolation has been used to protect 
humans against smallpox. At the end of  the 18th century, the 

cowpox virus was introduced by Edward Jenner as a safer alterna-
tive to the variola virus, even though the virus was not identified 
at that time. During the 19th century after the discovery of  bacteria 
as causative agents of  infectious diseases, attenuated or killed mi-
croorganisms or a component of  the whole microorganism were 
widely used to induce immunity against infectious diseases. Use 
of  these vaccines led to a dramatic decrease in death induced by 
viral and bacterial agents. In recent decades, researchers attempted 
to develop therapeutic vaccines against cancer with the aim of  re-

cruiting lymphocytes and other immune cells to destroy cancerous 
cells. These vaccines were used as a monotherapy or in combi-
nation with conventional therapeutic modalities such as surgery, 
chemotherapy, and radiotherapy to prevent metastases and recur-
rence of  cancer.1 

 T-cells are an important part of  protective adaptive im-
mune responses. Immunogenic cancer cell growth can result in 
the generation of  antitumor immune responses, especially T-cell 
responses.2 Intravenous infusion of  tumor-sensitized T-cells from 
immune donors has resulted in regression of  large established 
tumors in T-cell-deficient recipients.3,4 High number of  intraep-
ithelial CD8+ tumor-infiltrating T-cells was associated with the 
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absence of  lymph node metastases in patients with human pap-
illomavirus-positive cervical cancer.5 High CD8+/CD4+ T-cell ra-
tio of  tumor-infiltrating lymphocytes was associated with better 
clinical outcome in colorectal cancer patients.6 In contrast, it has 
been shown that T-cell-mediated suppression of  antitumor immu-
nity occurs in progressive growth of  an immunogenic tumor.3 In-
deed, immunogenic tumor cells can induce CD8+ T-cell responses, 
however, tumors can avoid immune cell-mediated destruction by 
induction of  T-cell tolerance as well.7,8

 Induction of  T-cell responses is the major aim of  vac-
cines. Vaccines can produce T-cell responses to a large number 
of  antigens. It is preferable to include more than one antigen in 
vaccines to decrease the likelihood of  immune escape. But, immu-
nological tolerance to cancer cell antigens is a usual phenomenon. 
Furthermore, tumor cell growth and proliferation can lead to the 
establishment of  tumor tissue with an immunosuppressive tumor 
microenvironment.9 Therefore, breaking immunological toler-
ance and immunosuppression is necessary for therapeutic cancer 
vaccines. Tumors employ numerous mechanisms limiting natural 
or vaccine-induced antitumor immune responses. Some of  these 
mechanisms include down-regulation of  major histocompatibility 
complex (MHC) class I molecules, lack of  expression of  costimu-
latory molecules CD80 and CD86, expression of  Fas ligand, and 
secretion of  immunosuppressive cytokines such as transforming 
growth factor beta (TGF-β), vascular endothelial growth factor 
(VEGF), and Interleukin 10 (IL-10).10,11 Tumor infiltrating dys-
functional CD8+ T-cells expressing the immune checkpoint mol-
ecule programmed cell death 1 (PD-1) have been detected in var-
ious types of  cancer,12-14 which was associated with poor clinical 
outcome for patients.12 Tumor cells and antigen-presenting cells 
(APCs) expressing PD-L1 can impair proliferation and effector 
function of  PD-1+ T-cells in the tumor microenvironment.15 In 
clinical trials, blocking PD-1/PD-L1 interactions with anti-PD-1 
antibodies led to improved antitumor immunity.16 In addition, in-
creased frequency of  immunosuppressive cells such as regulato-
ry T-cells has been reported in the peripheral blood and tumor 
microenvironment of  cancer patients.17 Depleting these cells or 
blocking their immunosuppression functions by monoclonal an-
tibodies has resulted in improved antitumor immunity in some 
types of  cancer.18 However, more effective therapeutic approach-
es should be developed to produce potent antitumor immune re-
sponses in patients with advanced cancer.

 APCs have a crucial role in antitumor immunity as they 
trigger adaptive immune responses by processing and presenting 
antigens for recognition by T-cells.19 Bacterial products can strong-
ly activate APCs through pattern recognition receptors such as 
toll-like receptors (TLRs). Some bacterial products have antitumor 
properties by apoptosis induction in cancer cells. For instance, the 
bacterial protein azurin, a cupredoxin type of  electron transfer and 
purified redox protein from Pseudomonas aeruginosa, selectively in-
duced apoptosis in human breast cancer cells20 and oral squamous 
carcinoma cells.21 This bacterial protein effectively enters human 
cancer cells, but not normal cells,22 and it has been shown to induce 
apoptosis through stabilization of  the tumor suppressor protein 
p53.23 In some studies, bacterial products have been used as an ad-

juvant for anticancer vaccines.24 In addition, live bacteria express-
ing tumor antigen have been used for tumor antigen delivery in 
vivo.25, 26 These therapeutic vaccination approaches did not lead to 
the eradication of  established experimental tumors or human tu-
mors. Nonetheless, some live bacteria have been successfully used 
for cancer treatment.27 

APPLICATION OF BACTERIA IN ANTICANCER THERAPY

More than two centuries ago, cancer remission was reported in 
cancer patients after recovering from bacterial infections. In the 
late 19th century, William Coley used live and heat-killed bacteria 
such as Streptococcus pyogenes and Serratia marcescens to treat cancer 
patients. The Coley’s heat killed bacteria, known as Coley’s toxin, 
has been used for sarcoma patients until 1963. In the mid-1980s, 
Bacillus Calmette-Guérin (BCG), a live attenuated strain of  My-
cobacterium bovis, was used to treat superficial bladder cancer.27 At 
present, BCG is a common treatment for bladder cancer and it is 
the only bacterial agent approved by the US Food and Drug Ad-
ministration (FDA) for primary therapy of  carcinoma in situ of  the 
bladder. BCG is successfully used to treat some non-invasive blad-
der cancers two weeks after surgery.28 Some other bacteria have 
also been found to have antitumor activities. 

 Almost 70-years ago, it has been shown that anaerobic 
bacteria can selectively grow in tumors.29,30 Several species of  an-
aerobic bacteria have the ability to colonize solid tumors and in-
duce tumor shrinkage. Colonization of  anaerobic bacteria in solid 
tumors is largely due to impaired blood flow and extensive ne-
crosis in the central part of  tumor tissue. Selective localization of  
bacteria in chemically-induced rat mammary tumors was observed 
after systemic injection of  Bifidobacterium longum, a nonpathogenic, 
anaerobic bacterium.31 It has also been shown that obligate anaer-
obic bacteria Clostridium novyi and Clostridium sordelli localize solid 
tumors, especially in the hypoxic parts of  tumor tissues.32 Howev-
er, small tumors, as well as metastatic tumors, may not be target-
ed by obligate anaerobic bacteria as these regions have sufficient 
blood circulation and are not hypoxic. In experimental syngeneic 
and allogeneic murine tumor models using light-emitting bacteria, 
several facultative anaerobic bacterial species such as Escherichia 
coli, Salmonella enterica serovar Typhimurium (S. typhimurium), Vibrio 
cholerae, and Listeria monocytogenesis were able to selectively en-
ter solid tumors and metastases and replicate within tumors.33,34 
Intravenously injected facultative anaerobic bacteria can enter and 
replicate within tumors with different efficacy. It has been shown 
that Escherichia coli robustly replicates in tumor while Streptococcus py-
ogenes shows a much lower level of  replication in the tumor. Marine 
bacteria Photobacterium phosphoreum and Vibrio fischeri did not show 
tumor-specific colonization after intravenous injection. The col-
onization process was independent of  the tumor type but largely 
dependent on the stage of  tumor development.35 The majority of  
injected bacteria have been found in the central part of  the tumors. 
This part of  large tumors is usually necrotic. Moreover, the bacte-
rial dose can affect the colonization of  tumor,35 as a small number 
of  bacteria may be cleared by the body’s immune system. Thus, 
an appropriate number of  bacteria with antitumor properties are 
required to overcome the immune clearance mechanisms in order 
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to survive during tumor entry.

SALMONELLA-BASED ANTICANCER VACCINES, THEIR 
THERAPEUTIC EFFICACY, AND MECHANISMS INVOLVED IN 
CANCER CELL DEATH 

Salmonella is a gram-negative, facultative anaerobe, and a pathogen 
to human and animals. This bacterium is extensively studied in the 
field of  bacterial therapy of  cancer. Some Salmonella strains pref-
erentially colonize solid tumors and show an intrinsic antitumor 
effect. S. typhimurium strains exhibited high tumor colonization fol-
lowing systemic administration into tumor-bearing mice, resulting 
in more than 1×108 CFU per gram tumor tissue.36 After intra-
venous administration of  S. typhimurium, bacteria were found in 
blood, spleen, and liver. Low numbers of  bacteria were detected in 
tumors associated with blood vessels. A rapid increase of  the proin-
flammatory cytokine TNF-α was detected in the blood which was 
linked to a tremendous influx of  blood into tumors by vascular dis-
ruption, resulting in bacteria flushing into the tumor. Blood influx 
was followed by necrosis formation, bacterial growth and infiltra-
tion of  neutrophils.37 Bacterial motility or chemotactic responsive-
ness have not been required for tumor invasion and colonization 
of  Salmonella.38 Both intravenous and intraperitoneal injection of  
S. typhimurium led to complete tumor clearance. In contrast, after 
oral administration, tumor colonization was transient, inefficient, 
and delayed with no therapeutic effect observed.38 Furthermore, 
oral infection with Salmonella may increase the risk of  gall-bladder 
cancer39 and colon cancer.40 This pathogen also has the potential 
for causing sepsis. However, tumor-colonizing Salmonella can be 
readily controlled by systemic administration of  antibiotics.41

 Attenuation of  Salmonella strains has been performed by 
genetic alterations to prevent bacteria-induced septic shock, espe-
cially by lipopolysaccharide deletion.42,43 Several genetically mod-
ified Salmonella strains have been developed such as VNP20009, 
LT2, CRC1674, A1-R, and CRC2631.43-46 Intravenous administra-
tion of  attenuated S. typhimurium, VNP20009, has been evaluated 
in phase I clinical trial for the treatment of  24-patients with nonre-
sponsive metastatic melanoma and one patient with renal cell car-
cinoma. Dose-limiting toxicity, including thrombocytopenia, ane-
mia, persistent bacteremia, hyperbilirubinemia, diarrhea, vomiting, 
nausea, elevated alkaline phosphatase, and hypophosphatemia, was 
observed in patients receiving 1×109 CFU/m2. VPN2009 induced 
a dose-related increase in the circulation of  proinflammatory cy-
tokines IL-1 beta, TNF-α, IL-6, and IL-12. Focal tumor coloniza-
tion was observed in two patients receiving 1×109 CFU/m2 and in 
one patient receiving 3×108 CFU/m2. Objective tumor regression 
was not observed in the patients, including those patients with col-
onized tumors.47 The genetically modified, amino acid auxotrophs, 
S. typhimurium A1 strain grew throughout the tumor, including vi-
able malignant tissue. The bacteria invaded and replicated intra-
cellularly in PC-3 prostate cancer cells grafted into nude mice and 
caused tumor inhibition and regression. Normal tissue was cleared 
of  these bacteria even in immunodeficient athymic mice.45 S. typhi-
murium A1 was also able to inhibit PC-3 human prostate cancer ex-
perimental bone metastasis and significantly improved the overall 
survival of  mice with multiple bone metastases.48

 In a mouse infection model, S. typhimurium mutants from 
which Braun lipoprotein genes (lppA and B) and the multicopy 
repressor of  high-temperature requirement (msbB) gene were 
deleted a minimally induced proinflammatory cytokine produc-
tion was observed. Immunization with these mutants followed by 
challenge with the wild-type S. typhimurium significantly inhibited 
tumor growth, as 88% regression in tumor size was observed in 
ippB/msbB mutant immunized mice. The tumor size regression 
was correlated to downregulation of  CD44 high and CD4+CD25s 
regulatory T-cells.49 Tumors are a rich source of  purines with aden-
osine triphosphate concentrations. A Salmonella strain deficient in 
synthesizing purines by a mutation in the purl gene which encodes 
for purine biosynthetic enzyme has been used with tumor-specific 
localization.50 Live attenuated S. typhimurium genetically modified 
at purl and msbB genes (VNP20009 strain) when administrated 
intravenously to tumor-bearing mice inhibited the growth of  tu-
mors, which did not depend on the presence of  T and B-cells.51 
Increased number of  bacteria was detected in the tumor. The bac-
terial number reached levels 10,000 times higher than in the nor-
mal liver reservoir. Salmonella growth was observed in areas of  the 
tumor which partially inhibit tumor growth. However, a rim of  
tumor survived and resulted in progressive tumor growth.52

 Orally administration of  attenuated S. typhimurium carry-
ing a eukaryotic expression vector that contains the second-derived 
activator of  caspases (Smac) and TRAIL genes under the control 
of  the human telomerase reverse transcriptase promoter inhibited 
tumor growth by 70-90% and prolonged the survival of  mice.53 
Immunization of  mice with recombinant S. typhimurium express-
ing C-Raf  significantly reduced tumor growth in transgenic mouse 
models of  Rafoncogen-induced lung adenomas.54 Vaccination 
with recombinant attenuated S. typhimurium aroA strain secreting 
prostate-specific antigen (PSA) and cholera toxin subunit B in-
duced cytotoxic CD8+ T-cell responses and efficient prevention 
of  tumor growth in mice.55 Intravenous injection of  attenuated S. 
typhimurium strains reduced immunosuppression in the tumor and 
tumor-draining lymph node.56,57 However, injection of  unmodified 
S. typhimurium or genetically-modified S. typhimurium expressing re-
combinant tumor proteins did not result in eradication of  long-es-
tablished tumors in mice. 

 Immunogenic melanoma tumors can grow progressively 
even when the tumor is infiltrated by CD8+ T-cells. Long-estab-
lished immunogenic tumors have been shown to contain a high 
percentage of  PD-1+ tumor-specific CD8+ T-cells. Treatment with 
PD-L1 and CTLA-4 blocking antibodies was ineffective in pre-
venting the growth of  progressive tumors. Exogenous tumor-spe-
cific antigen delivery into tumors using S. typhimurium expressing 
a recombinant antigen resulted in induction of  proliferation of  
tumor-specific CD8+ T-cells in the lymphoid organs and recovered 
effector function of  tumor-specific CD8+ T-cells in the tumor. Im-
munization with this vaccine led to improved mice survival and 
rejection of  32% of  long-established immunogenic melanoma 
tumors. However, following the treatment, the majority of  tu-
mor-specific CD8+ T-cells expressed a high-level of  PD-1 in the 
tumor. Combination of  injection of  S. typhimurium expressing the 
recombinant antigen with programmed cell death-ligand 1 (PD-
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L1) blocking antibody enhanced the expansion of  tumor-specific 
CD8+ T-cells and resulted in 80% tumor rejection.58 Genetically 
modified S. typhimurium harboring short hairpin RNA against in-
hibin alpha subunit caused remarkable cytotoxicity in cancer cells 
compared with unmodified S. typhimurium. This tumor-targeted 
therapy also significantly inhibited the growth of  colon cancers 
and melanomas and prolonged the survival of  mice bearing synge-
neic tumors.59

 Genetically modified S. typhimurium A1 has been shown 
to grow in the cytoplasm of  PC-3 human prostate cancer cells and 
caused nuclear destruction in vitro. The bacteria, introduced intra-
venously or intratumorally, caused tumor inhibition and regression 
of  xenografts in nude mice. S. typhimurium A1 was undetectable in 
the liver, lung, spleen, and kidney, but it continued to proliferate in 
the PC-3 tumor. Intratumoral injection of  the bacteria resulted in 
complete tumor regression by day 20.45 Preferential destruction of  
mitochondria has been observed 8 h after inoculation of  genetical-
ly modified Salmonella in PC-3M human prostate cancer cells, but, 
the nucleus was not apparently affected by Salmonella within 8 h.46 
Salmonella invasions can induce apoptosis in infected cells as ap-
optosis has been observed in Salmonella-infected macrophages60,61 
and intestinal epithelial cells.62 Furthermore, apoptosis of  Salmonel-
la-infected cancer cells can result in antitumor immune responses 
through triggering cross-presentation of  tumor antigens on MHC 
class I molecules of  professional antigen presenting cells to cyto-
toxic T-cells.63

 Infection with Salmonella results in activation of  both 
innate and adaptive immune responses. This bacterium induces 
production of  numerous cytokines such as IL-1β, IL-6, TNF-α, 
IFN-γ, and IL-12 and recruits and activates APCs such as dendrit-
ic cells. Importantly, Salmonella can trigger Th1 polarization which 
is favorable to antitumor immune responses. S. typhimurium out-
er membrane protein A (OmpA) induces the maturation of  tu-
mor antigen-pulsed dendritic cells resulting in IL-12 production 
and generation of  Th1 immune responses. Bone marrow-derived 
dendritic cells stimulated with OmpA of  S. typhimurium generated 
effective antitumor immunity in a mouse tumor model.64 Salmo-
nella-based anticancer vaccines reducing the frequencies or func-
tions of  immunosuppressor cells, such as regulatory T-cells and 
myeloid-derived suppressor cells, may show improved efficacy in 
cancer patients. Intratumoral injection of  attenuated S. typhimu-
rium significantly inhibited Her-2/neu-expressing tumor growth 
which was associated with increased levels of  TNF-α-secreting 
neutrophils (CD11b+Gr1+ myeloid cells) and reduced levels of  
CD4+CD25+Foxp3+ regulatory T-cells in vaccinated mice.65

CONCLUSION    

Salmonella is the most studied bacterium for developing a bacterial 
anticancer therapeutic vaccine. This bacterium is an intracellular 
microorganism and can induce Th1 immune responses and oth-
er antitumor immune cells. Furthermore, Salmonella preferentially 
colonizes solid tumors and exhibits an intrinsic antitumor effect. 
Vaccination with S. typhimurium strains resulted in therapeutic 
outcomes in several preclinical studies. However, enhancing their 

therapeutic efficacy is essential for clinical application in cancer 
patients. Elucidation of  Salmonella-mediated mechanisms in cancer 
cell destruction can lead to improved bacterial anticancer therapy 
by utilization of  bacterial strains with potent cytotoxic activities 
against cancer cells. Increasing our understanding of  the tumor 
cell-specific metabolisms may also be beneficial to identify tumor 
cell metabolic demands and metabolic final products in the tumor 
microenvironment to find more appropriate bacterial strains with 
desired metabolic pathways for tumor-selective colonization and 
destruction in cancer patients.
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ABSTRACT

Cholera causes an estimated 3 million cases of  watery diarrhea and 100,000 deaths globally per year. Although the long-term 
solution for cholera control lies in universal access to safe drinking water and adequate sanitation, Oral Cholera Vaccines (OCVs) 
are the most cost-effective measure to contain and prevent the disease and are recommended by the World Health Organization 
(WHO) as part of  an integrated strategy to control cholera. Currently, three OCVs are WHO prequalified and two of  these are part 
of  the cholera vaccine stockpile. Other OCVs have been developed for national use or are under development. Lipopolysaccharide 
(LPS) Inhibition enzyme-linked immunosorbent assays (ELISAs) are used by both manufacturers of  OCVs and national regulatory 
agencies (NRAs) for: in process analysis, as a potency assay for drug substance and drug product batch release, and as an indicator of  
stability during the shelf  life of  OCVs. To ensure quality and consistency of  this assay performed by different OCV manufacturers 
and NRAs, harmonization of  assay reagents by the introduction of  WHO International Standards (IS) for essential reagents is 
desirable. In May 2018, the International Vaccine Institute (IVI) with assistance from National Institute of  Biological Standards 
and Control (NIBSC) and financial support from the Bill and Melinda Gates Foundation (BMGF) organized a meeting with 
representatives from vaccine manufacturers, NRAs, leading research institutions and independent experts to discuss and share 
experiences on potency assays for batch release and select reagents of  the LPS Inhibition ELISA as candidate WHO ISs.

Keywords
Cholera; Oral cholera vaccine; LPS inhibition ELISA assay; WHO International standards.

INTRODUCTION

A two-day meeting to discuss the development of  International 
Standards (ISs) for Oral Whole Cell Killed Cholera Vaccines 

(OCVs) took place in Seoul, Republic of  Korea, from 17-18 May 
2018. The conference was organized by the International Vaccine 
Institute (IVI) with assistance from National Institute of  Biolog-
ical Standards and Control (NIBSC) and funded by the Bill and 

Melinda Gates Foundation (BMGF). A total of  45 delegates repre-
senting vaccine manufacturers: EuBiologics Co., Ltd., Republic of  
Korea; Hilleman Laboratories, India; Incepta Vaccine Ltd., Bang-
ladesh; Shantha Biotechnics Pvt. Ltd., India; Vabiotech, Vietnam; 
and Valneva, Sweden; Research Institutions: IVI, Republic of  Ko-
rea; icddr, b, Bangladesh; Health Canada, Canada; University of  
Gothenburg, Sweden; NIBSC, Great Britain; National Regulatory 
Agencies (NRAs): Korean Ministry of  Food and Drug Safety, Re-
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public of  Korea; ANSM: French National Agency for Medicines 
and Health Products Safety, France; Bangladesh Association of  
Pharmaceutical Industries, Bangladesh; WHO-RSS, Switzerland; 
and independent experts met to discuss and share experiences on 
in vitro and in vivo potency assays for batch release of  OCVs, more 
specifically the lipopolysaccharide (LPS) inhibition ELISA. The 
LPS inhibition assay is used by both manufacturers and NRAs and 
the meeting set out to shape consensus on the specification of  
reagents for LPS Inhibition ELISA to be made into candidates for 
WHO International Standards (ISs).

 The four objectives of  the meeting were: 1) Review the 
potency assays currently used for batch release of  OCVs; 2) Pro-
pose a set of  candidate ISs and procedures to determine their 
suitability for the LPS Inhibition ELISA; 3) Discuss challenges of  
using LPS Inhibition ELISA to assess vaccine potency as part of  
an application for controlled temperature chain (CTC) use and for 
the determination of  shelf  life; and 4) Discuss the feasibility to 
develop a suitable in vivo potency assay for batch release of  OCVs. 
The two expected outcomes of  the meeting were: 1) Agree on a 
consensus for a set of  candidate ISs for the LPS inhibition ELISA 
and 2) Determine the need for and feasibility of  an in vivo potency 
assay. Here we summarize the discussions and main conclusions of  
the meeting.

Cholera:  The Disease and Current State of  Vaccines

Cholera is an acute, rapidly-dehydrating diarrheal disease trans-

mitted through water or food contaminated with the bacterium 
Vibrio cholerae O1 or V. cholerae O139. Approximately 1.3 billion 
people are at risk for infection, and an estimated 1.3-4 million cases 
of  cholera and 21,000-143,000 deaths occur globally each year.1 
About 47 countries globally are at risk of  cholera2 and in 2016, 
54% of  reported cases were in Africa, 13% in Asia and 32% in 
Hispaniola.3 Cholera is a disease of  displacement and poverty pri-
marily affecting people living in areas with poor access to clean 
drinking water, and inadequate sanitation and hygiene. While the 
long-term solution for cholera control lies in universal access to 
safe drinking water and adequate sanitation, the combination with 
a targeted cholera vaccination program with OCV would likely 
yield cost-benefit outcomes. The WHO recommends the use of  
these vaccines as part of  an integrated strategy to control cholera 
outbreaks and contain the infection.1

 Currently, three OCVs have been prequalified by the 
WHO and are available for purchase on the global market; Du-
koral® (Valneva, Sweden), Shanchol™ (Shantha Biotechnics, India) 
and Euvichol® and Euvichol-Plus® (EuBiologics, Republic of  Ko-
rea). The immunogenicity of  ShancholTM and Euvichol® was found 
to be comparable.4 In addition, mORC-Vax™ (Vabiotech, Vietnam) 
and the live attenuated vaccine Vaxchora (PaxVax, United States) 
have obtained a national licence. Two inactivated vaccines Cholvax 
(Incepta Vaccine, Bangladesh) and Hillchol (Hilleman Laborato-
ries, India) and a live attenuated cholera vaccine 638 (Finlay Insti-
tute, Cuba) are in clinical trials.5,6 Comprehensive information of  
current OCVs is given in Table 1. 

Table 1. Oral Cholera Vaccines Currently Manufactured and in Development

Vaccine Dukoral® (1) Shanchol™ (2) Euvichol® (3) mORC-Vax™ (4) VAXCHORA™ (5) Cholvax HILLCHOL Vibrio cholerae 638

Manufacturer
(Country)

Valneva
(Sweden) 

Shantha 
Biotechnics Pvt. 

Ltd (India)

EuBiologics Co., 
Ltd.(Republic of 

Korea)

VABIOTECH
(Vietnam)

PaxVax
(United States)

Incepta Vaccine 
Ltd

(Bangladesh)

Hilleman 
Laboratories

(India)

Finlay Institute
(Cuba)

Components
Killed 

V. cholerae
O1 and rCTB

Killed 
V. cholerae

O1 and 0139

Killed 
V. cholerae

O1 and 0139

Killed 
V. cholerae

O1 and 0139

Live attenuated 
V. cholerae O1

Killed 
V. cholerae

O1 and 0139

Killed 
V. cholerae 

O1 Hikojima

Live attenuated 
V. cholerae O1 

Age ≥2 yrs ≥1 yr ≥1 yr ≥1 yr 18-64 years n/a n/a n/a

Buffer Bicarbonate 
buffer Not required Not required Not required Bicarbonate

buffer Not required Not required
Bicarbonate

buffer

Country 
licensure 1991 2009 2015 1997 2016 n/a n/a n/a

WHO PQ 2001 2011 2015 n/a n/a n/a n/a n/a

1) Dukoral® product information:  http://www.who.int/immunization_standards/vaccine_quality/117_Dukoral_PI_updated_2012-07-05.pdf?ua=1
2) Shanchol™ product information:  https://extranet.who.int/gavi/PQ_Web/(X(1)S(15z42ckmojpm14g5wgtiisdd))/PreviewVaccine.aspx?nav=0&ID=249
3) Euvichol® product information:  http://www.who.int/immunization_standards/vaccine_quality/pq_298_euvichol_1dose_eubiologics_PI.pdf?ua=1
4) mORC-Vax™ product information: https://www.stopcholera.org/sites/cholera/files/comparison_of_the_killed_ocv_products.pdf
5) VAXCHORA™ product information:  https://www.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/UCM506235.pdf

 Despite the high burden of  cholera in many parts of  
the world, the demand for OCVs has historically been low. Since 
2013, the International Coordinating Group (consisting of  the In-
ternational Federation of  the Red Cross and Red Crescent Soci-
eties, Médecins sans Frontières, United Nations Children’s Fund 
and the WHO) and the Global Task Force on Cholera Control 
is managing a stockpile made up of  Shanchol™ and Euvichol® 
(added in 2015). Both these vaccines have been used with great 

effect to control cholera in outbreaks, humanitarian crises, and in 
endemic settings.7-10 With new affirmative recommendations from 
WHO, the availability of  the stockpile, and the production of  new 
and more affordable OCVs, the demand for OCVs has increased, 
with shipments from the stockpile steadily increasing each year.11 
To date, around 25 million doses of  OCV have been deployed 
through campaigns in 19 different countries.12-14 The WHO has 
launched an ambitious plan: Ending Cholera-A Global Roadmap 
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to 2030, which proposes a 90% reduction in cholera deaths by 
2030 through preventive OCV campaigns and improvements in 
WASH. The successful rollout of  this plan will require substantial 
increases in available vaccine supply.

The Need for Standardization of the Potency Assay for OCV 
Batch Release 

V. cholerae strains can be differentiated based on the serogroup -spe-
cific part of  the Lipopolysaccharide (LPS) O antigen also called 
O Polysaccharide (OPS) present on the surface of  the bacterium. 
Over 200 serogroups of  V. cholerae have been identified, but only 
serogroups O1 and O139 are known to cause epidemic cholera.15,16 
The O1 serogroup, which currently accounts for >99% of  all chol-
era cases globally, is further divided into two biotypes (El Tor and 
Classical) and subdivided into two serotypes, Ogawa and Inaba.17 
The difference between the Ogawa and Inaba serotypes lies only in 
the terminal perosamine sugar of  the O1 OPS which is methylated 
in Ogawa strains and not methylated in Inaba strains (Figure 1).18,19 
Although Inaba and Ogawa serotypes can be serologically distin-
guished, they exhibit strong immunologic cross-reactivity such that 
most of  the immune response induced by vaccination with the 
Inaba O1 LPS recognizes Ogawa O1 LPS and vice versa. Hikojima 
is the third O1 serotype, which is found to be an unstable pheno-
type. It expresses O1 LPS with a reduced presence of  methylated 
perosamine in its O1 OPS. Therefore, Hikojima isolates present 
both Ogawa and Inaba O1 LPS structures on their surface.13 For 
vaccine purposes, genetically modified strains of  the El Tor and 
Classical biotypes have been engineered to constitutively express 
the Hikojima O1 LPS.20

 
 

 Even though immune protection against V. cholerae is me-
diated by locally produced IgA anti-V. cholerae antibodies in the 
intestine, serum vibriocidal antibodies are associated with immu-
nity to cholera.21,22 The main protective antigen of  OCVs is the 
O LPS which is also the target antigen for vibriocidal antibodies.23 
Thus, the potency of  OCVs can be determined by the amount 
of  O LPS antigen per standard human dose as measured by the 
LPS inhibition ELISA (Figure 2). To pass, a batch of  OCV must 
contain a minimum amount of  V. cholera O LPS and by association 
a minimum number of  bacteria as specified in the marketing au-
thorization. The LPS inhibition ELISA uses anti-O LPS antibodies 

and a reference vaccine to quantitate the amount of  O LPS pres-
ent on the inactivated bacterial cells; either in the monovalent cell 
bulks (drug substance, DS) or in the final lot (drug product, DP) of  
the test vaccine. Manufacturers use the assay to assess the quality 
of  the vaccine manufacturing process and NRAs use the assay to 
establish the potency of  the OCV batches prior to release for the 
market. 

 

 Determination of  vaccine stability forms a crucial part 
of  the evaluation of  licensed vaccines to ensure that these remain 
potent and efficacious until the end of  their shelf-life when stored 
under approved conditions. For OCVs, storage conditions are at 
the traditional cold chain temperature of  +2 °C to +8 °C. How-
ever, for delivery of  OCVs in the field maintaining a cold chain 
can be very challenging, especially in the final leg of  the distribu-
tion. Cholera outbreaks often occur in isolated rural areas or slums, 
where refrigeration facilities are severely limited or absent. To ex-
tend immunization programs in regions with cold chain challeng-

Figure 1. Structure of the OPS of  Vibrio cholerae O1, Serotypes Inaba and Ogawa. 

Figure 2. Procedure for the LPS Inhibition ELISA
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es, the WHO has developed the “controlled temperature chain” 
(CTC) program.24 Under the CTC program, vaccines that have 
been evaluated using appropriate methods by competent authority 
are authorized for a planned temperature excursion at 40 °C for a 
minimum of  3-days.25 For vaccines that cannot meet the minimum 
CTC program requirements, the same statistical methods can be 
used to determine the excursion potential of  the product, but it 
cannot be approved with a CTC stability indication. Due to the 
challenges faced when distributing OCVs, these are on the WHO 
priority list of  vaccines to be approved for CTC, and manufactur-
ers are hence encouraged to seek CTC approval for their OCVs. 
For this approval, manufacturers must demonstrate the stability of  
their products which can be done using the LPS inhibition ELISA.
 
 The LPS inhibition ELISA is used by several OCV manu-
facturers and NRAs for potency testing, batch release and stability 
indication and this has resulted in variations in the procedure and 
reagents. To ensure sustainable access to high-quality reagents and 
to support harmonization of  LPS inhibition ELISAs performed 
in laboratories of  manufacturers, NRAs and researchers in differ-
ent parts of  the world, specific biological reference materials are a 
necessity. The WHO and the WHO Expert Committee on Biolog-
ical Standardization (ECBS) propose and endorse such reference 
materials called WHO international standards (IS). ISs are used as 
‘primary standards’ for assays or procedures, where specific bio-
logical activity is measured. NRAs and manufacturers can use the 
IS to validate their in-house assays and to calibrate their in-house 
working standard or national reference reagent. Currently, no ISs 
are available for the LPS inhibition ELISA. However, the need for 
specific ISs to harmonize and improve the robustness of  the LPS 
inhibition ELISA is well recognized by the different stakeholders 
within the global OCV community, and in October 2017, ECB 
endorsed the proposal to develop reagents of  the LPS inhibition 
ELISA into ISs.26

Pre-meeting Questionnaire on in Vitro Potency Assays for Batch 
Release of OCVs

Manufacturers were asked to share comprehensive information 
about their assays through a questionnaire sent out prior to the 
meeting. The results were presented and discussed on the first day 
of  the meeting. All manufacturers produce OCVs consisting of  
inactivated cells, 4 out of  6 produce bivalent vaccines containing 
O1 Inaba, O1 Ogawa, and O139, one manufacturer produces a 
monovalent vaccine containing O1 Inaba and O1 Ogawa and one 
manufacturer produces a monovalent vaccine containing only O1 
Hikojima. All manufacturers use the LPS inhibition ELISA for 
quantification of  the O1 LPS in their vaccine, and 5 out of  6 use 
the assay for release of  both DS and DP. An inventory of  ELI-
SA procedures showed concordance regarding the type of  ELISA 
used with some variations for essential reagents, in particular, var-
iations in the O1 LPS and O139 LPS antigen used for coating and 
type and specificity of  anti-LPS O1 and anti-LPS O139 antibodies 
(monoclonal or polyclonal). The specifications of  reference vac-
cines showed some variation for monovalent cell bulks and final 
lots. These observations strengthen the need for ISs that cover 
essential reagents like O LPS antigens for coating and anti-O LPS 

antibodies for detection. All participants agreed that they would 
benefit from the availability of  international reference materials for 
the LPS inhibition ELISA.

Candidate International Standards Characterization and Suita-
bility in the LPS Inhibition ELISA

On the second day of  the meeting, all delegates (manufacturers, 
representatives from NRAs and experts in the field) were invited 
to discuss and propose the specification of  LPS inhibition ELISA 
reagents.

 In concordance with the outcome of  the questionnaire, 
all delegates agreed that the LPS inhibition ELISA should be used 
as a potency assay to measure the amount of  O LPS in both DS 
and DP and during the discussion it became clear that the format 
of  the assay varied among manufacturers as well as NRAs. Indeed, 
manufacturers use the results of  their in-house assay to assess 
whether the DS or drug product DP meets the specification set 
out in the marketing authorization. Therefore, it was agreed that 
LPS inhibition ELISA procedures should not be harmonized or 
prescribed. Instead, a collaborative study to evaluate and validate 
the suitability of  the candidate ISs in various in-house ELISA for-
mats should be conducted. By thorough discussion, a consensus 
was reached and the preferred candidate ISs for the LPS inhibi-
tion ELISA are: 1) purified O1 Inaba LPS, O1 Ogawa LPS, and 
O139 LPS as coating reagents. Initially, only LPS from O1 Inaba 
and O139 were agreed upon, however many delegates proposed to 
include O1 Ogawa LPS and this was accepted by the organizing 
committee and experts in the field; 2) an anti-O1 LPS monoclonal 
antibody recognizing the shared component of  O1 PS of  Inaba 
and Ogawa LPS and an anti-O139 LPS monoclonal antibody as 
primary antibodies for detection of  V. cholerae LPS. The anti-O1 
monoclonal antibody should react with both Inaba and Ogawa 
LPS and 3) Reference vaccine: a mixture of  whole killed cells of  
V. cholerae O1 Inaba, O1 Ogawa, and O139. Preferably, this should 
be a GMP batch donated by a company that has been prequalified 
by WHO. The batch will be filled and freeze-dried (optional) at 
NIBSC, reflecting one single human dose per ampoule.

 It was agreed that for optimal storage, the O LPS anti-
gens and monoclonal antibodies should be freeze-dried and stored 
at -20 oC, which is the default approach for production and storage 
of  ISs at NIBSC. These conditions will ensure products are sta-
ble for a very long time. For the reference vaccine, the suggestion 
was to produce liquid fills and store these at or below -20 oC. A 
proportion of  this material will also be freeze dried. Frozen and 
freeze-dried reference vaccine should then be evaluated in a small 
comparative study to assure compatibility and validated by a multi 
-laboratory (collaborative) study.

 Two aspects raised considerable discussion among the 
manufacturers and these were related to the specification of  the 
vaccine in terms of  content and units displayed on the label of  the 
final lot or DP. Licensed vaccines contain V. cholerae serogroup, O1 
Inaba and Ogawa. If  a monoclonalanti-O1 LPS antibody is used, 
then quantification of  Inaba and Ogawa cells can only be done in 
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the monovalent DS stage prior to mixing, and not in the final DP, 
when both serotypes are present. Hence these units would be re-
lated to anti-O1 LPS activity only. Quantitation of  both serotypes 
in the final lot is only feasible if  cross-adsorbed polyclonal anti-O1 
Ogawa LPS or anti-O1 Inaba LPS sera are used. Labeling the con-
tent of  both serotypes in the DP will, therefore, pose a challenge 
and may be impractical.

 Licensed OCVs have a specified label value based on suc-
cessful clinical trials and from the discussion, it also became clear 
that manufacturers use different units to specify the amount of  V. 
cholerae LPS or cells in the DP, including colony-forming units, mi-
crograms or ELISA units. Although suggestions were made to as-
certain equivalence between the specifications of  existing licensed 
OCVs or OCVs currently in clinical trials, it is clear that candi-
date ISs will only be available sometime after licensure of  OCVs, 
their entry into the market and their use in public health programs. 
Thus, it was decided that interference with label values of  licensed 
OCVs is unnecessary and counterproductive, therefore efforts of  
a collaborative study should be directed at verifying the suitability 
of  candidate ISs in various in-house LPS inhibition ELISAs (as 
mentioned above). The outcome of  the study would thus provide 
information on the quality, consistency, and commutability of  in-
house LPS inhibition ELISAs used for batch release.

 Finally, the different software used to analyze ELISA data 
and their specifications were briefly discussed. Because different 
programs are used successfully in-house, it was decided that no 
recommendation for software should be made. However, it could 
be helpful to compare different software to ensure equivalence of  
analyses carried out. All delegates agreed that ideally, the software 
used should be validated for its purpose and dedicated to the anal-
ysis of  the complete dose response.

Use of the LPS Inhibition ELISA to Assess Potency as Part of an 
Application for CTC Use and Determination of Shelf Life 

One expert presentation on the stability evaluation25 for a CTC 
label was followed by a discussion among delegates. The discussion 
and results from the questionnaire showed that all manufacturers 
use the LPS inhibition ELISA to monitor the stability of  OCV 
during storage, but only one manufacturer applied the LPS inhibi-
tion ELISA for CTC labeling. From the meeting, it became clear 
that many aspects need to be taken into consideration for stabil-
ity analysis. The expert presentation emphasized the importance 
of  using appropriate assays and specifications in stability studies. 
While certain manufacture’s data suggest that their LPS inhibition 
ELISA may be stability indicating, in general, further data is re-
quired to demonstrate, with a high degree of  confidence, the ex-
tent to which these ELISAs sufficiently represent the protection 
offered by a vaccine. For example, what other antigens may be 
involved in protection? Or, is there compelling data to suggest that 
such considerations are not relevant? It was noted that to address 
these issues, they should be included in a CTC application. It was 
also emphasized that given the extreme challenge that CTC condi-
tions represent, it is critical that CTC assessments are well support-
ed, such that neither the vaccine recipient nor that CTC program 

is put at risk. If  one assumes that a compelling case could be made 
that supports LPS inhibition ELISAs as the basis for a CTC ap-
proval, ideally, serotype-specific LPS content should be monitored 
to establish the stability characteristics for each OCV formulation. 
The specifications for LPS content are product specific and based 
on the key quality attributes of  final lots that are representative 
of  those that have been demonstrated to be safe and efficacious 
in clinical use. If  a decrease of  LPS content is observed over the 
incubation period, then different specifications for the number of  
LPS should be established for batch release and end of  shelf-life 
of  the DP. Furthermore, the specification at the end of  shelf-life 
should be linked to lots demonstrated to be safe and effective/
immunogenic in clinical trials, to ensure that all commercial lots are 
effective at the end of  shelf  life (including the planned CTC ex-
cursion). The challenge to measure serotype-specific LPS content 
in the final drug product was discussed since reagents are currently 
not available to quantitate O1 Ogawa or O1 Inaba epitopes sepa-
rately. The consensus from the meeting was that it is the responsi-
bility of  each manufacturer to demonstrate that the assay used to 
assess the stability of  the OCV is stability indicating when seeking 
CTC approval.

Feasibility of a Relevant in Vivo Potency Assay for Batch Release 
of OCV

The relevance of  in vivo potency assays for batch release of  OCVs 
was discussed on the second day following three presentations. Ac-
cording to the questionnaire, none of  the manufacturers used or 
knew of  an in vivo potency assay for batch release of  OCVs. This 
was reflected in the presentations which showed that in vivo poten-
cy assays only have had a meaningful role in pre-clinical trial studies 
of  inactivated and live attenuated OCVs. Although, in vivo potency 
models can be used for OCVs to evaluate efficacy and identify rel-
evant biomarkers (e.g. the parental and mucosal immune response), 
even at this stage there are clear challenges to these models includ-
ing lack of  translation of  efficacy of  OCV in the rodent model to 
clinical studies, the high variability and high cost. This makes these 
animal models unsuitable for quality control. NRAs emphasized 
their main concern regarding the use of  in vivo models for batch 
release, in that this approach is going against the reduction, refine-
ment, and replacement of  animal use (the 3Rs) when evaluating 
DP for batch release. The consensus among the delegates was that 
in vivo potency assays are useful for pre-clinical studies, but these 
are unsuitable for batch release.

Next Steps

The meeting reached a consensus of  which reagents of  the V. 
cholerae LPS inhibition ELISA to be developed into ISs. The out-
come is broadly in agreement with the endorsement of  by WHO 
ECBS.19 The next steps that are needed to produce the candidate 
ISs are:

1) Identify a producer for the three serotypes of  V. cholerae O 
LPS

a. Analyze the products for structural identity by nuclear 
magnetic resonance (NMR) and other appropriate methods.
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b. Quantify the number of  LPS per ml
2) Identify a producer for the monoclonal antibodies against 
O1 Inaba and O139

a. Select species (rabbit, mouse)
b. Stock hybridoma, sequence V-regions

3) Identify a producer for the reference vaccine
4) Start freeze drying programs for the reference vaccine, LPS 
preparations and Moab preparations at NIBSC
5) Demonstration that candidate ISs are ‘fit for purpose’ in the 
in-house LPS inhibition ELISA
6) NIBSC to recruit participants for the collaborative study and 
distribute reagents
7) Statistical analysis of  data sets from participants at NIBSC
8) Write ECBS report, get approval from all participants
9) Submit to WHO-ECBS for approval
10) Peer-reviewed publication of  the shortened report

CONCLUSION    

WHO ISs for V. cholerae LPS inhibition ELISA will ensure the 
comparability and quality of  in-house assays performed by man-
ufacturers and NRAs and will support assay development. The 
availability of  ISs is crucial to safeguard the supply of  effective 
OCVs to the WHO stockpile and to markets in general. 
 
 This meeting showed that manufacturers, regulators and 
experts are willing to meet and share valuable scientific knowledge 
and experience for a common good, and that consensus on WHO 
ISs can be reached within such as diverse group. 
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In recent years, immunotherapy with the aim of  augmenting the 
body's immune system to recognize and destroy tumor cells 

has been widely investigated as a novel cancer therapy modality. 
Immune responses can be naturally generated against cancer cells. 
On the other hand, cancer cells can inhibit anticancer immune 
responses. In the past decades, vaccination with tumor specific/
associated antigens and immunogenic vectors has been success-
fully used to increase antitumor immune responses. However, the 
choice of  target antigen is imperative in designing a cancer vaccine. 

 Tumor specific antigens (TSAs) are not expressed in nor-
mal cells. TSAs are suitable choices for cancer vaccines. Tumor 
cells harbor mutations in genes controlling cell growth as well as 
other genes. Mutations that prevent the repair of  deoxyribonucleic 
acid (DNA) errors that arise as cell divide, this defect called mis-
match repair deficiency which has the potential to create neoan-
tigens. These mutations can be contributed to the expression of  
neoantigens or TSAs. The immune system recognizes TSAs as 
foreign antigens and immunization with such antigens can induce 
potent antitumor immune responses. Identification of  such TSAs 
is fundamental for successful cancer immunotherapy. However, 
identification of  TSAs has been difficult, and even impossible, in 
most cancers due to technical limitations. Recently, technological 
advances in high-throughput DNA sequencing provided evidences 
indicating that tumor cells are vastly different from normal cells 
at the genetic level.1,2 These changes lead to expression of  unique 
antigens (neoantigens) in tumor cells. Neoantigens are newly rec-
ognized antigens by the immune system. Thus, the immune system 
can distinguish tumor cells from normal cells and destroy them 
by recognition of  these neoantigens. As neoantigens are only ex-
pressed in the tumor cells, mechanisms involved in the induction 
of  immunological tolerance do not hamper antitumor efficacy of  
neoantigen-based vaccines and such vaccines have lower risk of  
generating autoimmunity. Development of  next-generation DNA 
sequencing (NGS) technologies facilitates the detection of  muta-

tions in genes encoding cell surface neoantigens. The number of  
genes encoding neoantigens in a tumor genome can also be meas-
ured by NGS.3 In addition, algorithms can be used to predict which 
of  the mutations would create neoantigens.3,4 NGS and neoantigen 
prediction algorithms are beneficial to identify which neoantigens 
will likely induce an immune response in cancer patients and help to 
prepare novel vaccines producing T cell responses to neoantigens. 

 Recently, identification of  neoantigen-reactive tumor 
infiltrating lymphocytes has been reported from several types of  
cancers.5 It is suggested that neoantigens have been responsible 
for the clinical efficacy of  dendritic cell-based vaccines and adop-
tive T cell immunotherapies observed in some cancer patients. 
Noticeable tumor regressions and the onset of  autoimmune mel-
anocyte destruction have been reported in a significant proportion 
(50-70%) of  patients with metastatic melanoma receiving adop-
tive transfer of  tumor-reactive T cells and high dose IL-2 ther-
apy after a nonmyeloablative lymphodepleting regimen.6,7 Tumor 
exome analysis revealed a neoantigen-specific T cell reactivity in 
melanoma.8 High-throughput epitope discovery also revealed fre-
quent recognition of  neoantigens by CD4+ T cells in melanoma.9 
Using screening approaches to identify the antigens recognized 
by clinically effective tumor infiltrating lymphocytes in metastat-
ic cancer patients, it has been found that tumor infiltrating lym-
phocytes isolated from metastatic cancer patients recognize mu-
tated antigens derived from genes essential for carcinogenesis.10 

 In patients with colorectal, pancreatic, bile duct, and 
lung cancer, vaccination with a neoantigen peptide, mutated Ras 
peptide, in combination with IL-2 and/or GM-CSF resulted in in-
duction of  immune responses to mutant Ras peptides in 20/37 
patients with overall survival of  16.9-months.11 Adoptive transfer 
of  TCR-transduced T cells specific for a mutation-derived neoanti-
gen significantly suppressed the progression of  glioma xenografts 
in mice.12 Recently, tumor-infiltrating lymphocytes were expanded 
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from human resected ovarian cancer metastases. Autologous so-
matic mutations were identified with analyses by whole-exome and 
transcriptome sequencing. All mutated neoepitopes were expressed 
in antigen presenting cells and then cocultured with TIL fragment 
cultures. Results showed that mutation-reactive T cells infiltrated 
ovarian cancer metastases.13 Vaccination of  patients with melanoma 
with a personal neoantigen vaccine targeting 20 predicted personal 
tumor neoantigens induced polyfunctional CD4+ and CD8+ T cells 
which were able to target 60% and 16% of  the 97 unique neoanti-
gens used across patients, respectively. Four of  six vaccinated pa-
tients had no recurrence at 25-months after vaccination. Two vac-
cinated patients showed recurrent disease. Subsequent treatment 
of  these two patients with anti-PD-1 therapy resulted in expansion 
of  neoantigen-specific T cells and complete tumor regression.14 

 Based on my experiences and available data, neoanti-
gen-based vaccines represent a potential new class of  cancer im-
munotherapy. These antigens are usually specific to the tumor of  
individual patient and provide tumor specific targets for personal-
ized cancer vaccines.
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ABSTRACT
Background
Cervical cancer is a common cause of  cancer-related deaths in women worldwide, with a fatality rate second only to breast cancer. 
Human papillomaviruses (HPVs) are the main causative agents of  cervical cancer, and are therefore obvious targets for vaccine 
development. Although two prophylactic HPV vaccines have been commercialized, therapeutic vaccines against HPVs have not 
been developed yet. Current vaccine technologies emphasize the power of  small particles in targeting immune cells, and particles 
of  20-50 nm have been reported to induce optimal immune responses against a variety of  pathogens and cancers.
Methods
We synthesized new nanoparticle-based vaccines against cervical cancer by using antigenic 8Qmin peptide epitope derived from 
HPV-16 E7 protein, a hydrophilic poly-(L-glutamic acid) (PGA) linker, and an 8-arm poly (tert-butyl acrylate) dendrimer-based 
delivery system (D8).
Results
Four different peptides containing 8Qmin and PGA of  different lengths were successfully synthesized with high yield and purity. 
These were then conjugated to alkyne-functionalized D8 by copper-catalyzed alkyne-azide cycloaddition “click” reaction. The 
conjugates self-assembled into nanoparticles, with decreased particle size corresponding to a greater number of  Glu units. The 
four vaccine candidates were tested in C57 black 6 (C57BL/6) mice bearing well-established (7-day-old) tumors to examine their 
therapeutic effects.
Conclusion
Interestingly, only one conjugate delayed tumor growth, and montanide adjuvanted antigen, used as a positive control, failed to 
demonstrate any therapeutic effect.

Keywords
Peptide-based subunit vaccine; Human papillomavirus; Polyglutamic acid; Therapeutic cancer vaccine; Polymer-peptide conjugate; 
Self-adjuvanting; Cervical cancer.

INTRODUCTION

Human papillomaviruses (HPVs) are members of  the Papovari-
dae family of  non-enveloped deoxyribonucleic acid (DNA) 

viruses. They infect the skin or mucosa of  vertebrate hosts.1,2 The 

DNA genome encodes six non-structural proteins (E1, E2, E4, 
E5, E6 and E7), and two structural capsid proteins (L1 and L2).1 
Proteins E1, E2, and E4 participate in viral gene replication, tran-
scription and genome amplification, respectively,1 whereas pro-
teins E5, E6, and E7 are identified as HPV oncoproteins, which 
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initiate HPV infection and the evasion of  host immune respons-
es.1 HPVs infect cervical epithelial cells and use the growth and 
differentiation of  these cells to carry out their own life cycle.1 
When the HPV genome is transformed from an extra chromo-
somal state to an integrated phase within the host’s chromosome, 
the disease progresses from precancerous lesions to high-grade 
lesions.1 Once the immune system fails to clear persistent HPV 
infections, there is a high chance that cervical cancer will develop.1 

 There are currently two prophylactic HPV vaccines: Gar-
dasil and Cervarix, that have been developed and commercialized 
to the global market.3 They utilize recombinant L1 virus-like par-
ticles (VLPs) to induce virus-neutralizing antibodies directed to-
wards conformational epitopes of  the L1 capsid protein.4 Both 
vaccines are able to protect against the most common HPV type, 
HPV-16, which is responsible for up to 59% of  all cervical cancer 
cases.5 However, these vaccines are only recommended for naïve 
females, aged from 9 to 26, and not for women already infected 
with an HPV.6 For this reason, a therapeutic HPV vaccine would be 
highly advantageous for treatment of  the HPV-infected population.

 Peptide-based approaches for developing therapeutic 
vaccines against HPV-associated cancers showed promising results 
in several early clinical trials.7 In designing synthetic peptide vac-
cines, the selection of  a suitable peptide antigen is a key step. Ad-
ditionally, cytotoxic T-lymphocyte (CTL-CD8+) epitopes must be 
included in therapeutic vaccines for cancer treatment.8 Our group 
showed that 8Qmin peptide, a short fragment of  HPV-16 E7 protein 
(QAEPDRAHYNIVTF; E744-57) bearing CTL and T-helper cell 
epitopes, can decrease tumor development and eradicate E7-ex-

pressing TC-1 tumor cells in mice by activating CTLs.9-14 It was 
shown that 8Qmin was the most relevant peptide epitope to induce 
desired cellular immunity over the other 8Qmin derivatives.14 Howev-
er, unprotected peptide epitopes, themselves, are non-immunogen-
ic and easily enzymatically biodegraded in immunized subjects.15 
Therefore, an appropriate adjuvant/delivery system is required to 
boost the immunogenicity of  peptide antigens. Self-assembling 
amphiphilic polymer is one of  the most promising delivery sys-
tems to carry peptide epitopes.16-20 Liu et al conjugated the peptide 
epitope 8Qmin to a polyacrylate polymer analogue called 8-arm den-
dritic polymer (D8, Figure 1) to produce a vaccine construct D8-
8Qmin(5).12 They found that conjugate 5, without the help of  an ad-
juvant, was able to shrink and eradicate HPV-16 E7-positive tumor 
cells in mice.12 Conjugate 5 self-assembled into 13 μm particles and 
possessed antitumor potency without the aid of  additional adju-
vants. Recently, 80% survival rate was observed in model mice after 
incorporating a lyophilized form of  conjugate 5 inside a cationic 
liposome after single immunization, 7-days post tumor challenge.9 
In terms of  chemistry, polyacrylates are the polymers of  esters 
of  acrylic acid. They are non-toxic and easy to synthesize.21,22 The 
dendrimer D8 is referred to a polymeric hyperbranched structure: 
it allows epitope attachment at the periphery of  each dendrim-
er ‘arm’ to create multifunctional biomacromolecules (Figure 1).

 A variety of  vaccine delivery systems have been designed 
to form particles that mimic actual infections and the specific sizes 
of  viruses and bacteria.15 However, it has been shown that the im-
mune system reacts most intensively to smaller (less than 200 nm) 
nanoparticles.15 The most likely explanation for this is that particles 
smaller than 200 nm can travel to lymph nodes for antigen pres-

Figure 1. The Synthesis of Polymer-Peptide Conjugates 5-8 Using Copper Wire-Catalyzed Alkyne-Azide Cycloaddition Reaction
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entation by themselves,23 whereas larger particles require peripher-
al dendritic cells (DCs) to transport them to the lymph nodes.14,24 
Therefore, we hypothesized that a reduction in the size of  con-
jugate 5 could enhance its potency. To test this hypothesis, 8Qmin 
was modified with PGA (0, 2, 5 or 10 Glu units, forming 1-4, re-
spectively) to increase its hydrophilicity and, consequently, reduce 
the size of  the self-assembled polymer conjugates 5-8 (Figure 1).

MATERIALS 

Protected L-amino acids (Novabiochem, Merck Chemicals, 
Darmstadt, Germany); rink amide methylbenzhydryl amine 
(MBHA) resin, dimethylformamide (DMF), dichloromethane 
(DCM), methanol, diisopropylethylamine (DIPEA), piperidine, 
trifluoroacetic acid (TFA) (Merck, Hohenbrunn, Germany); cop-
per wires (Aldrich, Steinheim, Germany); hexafluorophosphate 
azabenzotriazole tetramethyl uronium (HATU) (Mimotopes, 
Melbourne, Australia); high-performance liquid chromatography 
(HPLC) grade acetonitrile (Lab scan, Bangkok, Thailand); 1,8-Di-
azabicyclo[5.4.0]undec-7-ene (DBU), acetic anhydride, azido ace-
tic acid, acetone, hexane, triisopropylsilane, phosphate-buffered 
saline (PBS) tablets, sodium hydroxide, β-mercaptoethanol (Sig-
ma-Aldrich, Castle Hill, NSW, Australia); Montanide ISA51 (Sep-
pic, France); dialysis bags (Pierce Snakeskin, MWCO 3K); and 
Roswell Park Memorial Institute 1640 medium (RPMI 1640), FBS, 
penicillin-streptomycin-glutamine solution, Trypsin-ethylenedi-
aminetetraacetic acid (EDTA) solution (Thermo Fisher Scientif-
ic, Waltham, Massachusetts, USA) were purchased. Alkyne-func-
tionalized 8-arm poly (tert-butyl acrylate) dendrimer with eight 
alkyne moieties was synthesized, as described previously.16

Equipment and Instruments
 
Electrospray ionization mass spectrometry (ESI-MS) was carried 
out using a Perkin-Elmer-SciexAPI3000 instrument and Analyst 
1.4 software (Applied Biosystems/MDS Sciex, Toronto, Canada). 
Analytical reverse-phase high-performance liquid chromatography 
(RP-HPLC) was performed by an Agilent instrument (Agilent 
Technologies, Inc., USA). Preparative RP-HPLC was performed 
on a Shimadzu instrument (Kyoto, Japan). Dynamic light scattering 
(DLS) was performed using a Malvern Zetasizer Nano Series 
machine and Zetasizer 6.2 software (Malvern Instruments, United 
Kingdom). GraphPad Prism 6.00 software was purchased from 
Graph Pad Software Inc, California, USA.

Synthesis and Characterization of 8Qmin Epitope
(E744-57, QAEPDRAHYNIVTF)
 
The synthesis of  8Qmin was performed according to previously 
published methods.12,14 8Qmin was synthesized on rink amide MBHA 
resin (0.79 mmol/g, 0.4 mmol scale, 0.51 g) using solid-phase 
peptide synthesis (SPPS) at room temperature. Each amino acid 
coupling cycle contained Fmoc-deprotection with 20% piperidine 
(5 min; 20 min), a DMF wash (1 min), and double-coupling of  
preactivated Fmoc-aa (30 min; 60 min). One minute before being 
added to the resin, Fmoc-aa was activated by dissolving it (0.84 
mmol, 4.2 equiv) in a 0.5 M HATU/DMF solution (1.6 mL, 0.08 

mmol, 4.0 equiv), then adding DIPEA (0.22 mL, 1.24 mmol, 6.2 
equiv). The condition of  Fmoc-deprotection for Val, Ile, and Asn 
was (5 mL of  2% DBU, 5 min, 10 min), while the other amino 
acids required the condition (5 mL of  20% piperidine, 5 min wash, 
20 min wash). Piperidine was replaced by DBU to allow Fmoc-
deprotection of  β-sheet tripeptide unit Val-Ile-Asn, which has a 
high tendency for aggregation.14 After double-coupling of  the first 
amino acid, the resin was reacted with a fresh acetylation cocktail 
(0.5 mL acetic anhydride, 0.5 mL DIPEA, 9 mL DMF). The 
cleavage of  8Qmin peptide was carried out by stirring the resin in 
TFA (99%)/triisopropylsilane/water (95/2.5/2.5 v/v/v) solution 
for 4 h. The cleaved peptide was precipitated, filtered, and washed 
with ice-cold diethyl ether. After lyophilization, crude 8Qmin peptide 
was obtained as an amorphous powder.

Synthesis and Purification of Peptides 1-4

Synthesis, purification and characterization of peptide 1: 8Qmin 
azide (peptide 1) was synthesized in the same way as 8Qmin peptide, 
except the last amino acid was modified with azido acetic acid.12,14 
Azidoacetic acid (0.84 mmol, 4.2 equiv) was activated in 0.5 M 
HATU/DMF solution (1.6 mL, 0.08 mmol, 4.0 equiv.), followed 
by the addition of  DIPEA (146 μL, 0.84 mmol, 4.2 equiv). The 
peptide-resin was washed with DMF, DCM, and MeOH, then 
dried in a vacuum desiccator overnight. The peptide was cleaved 
off  of  the resin by shaking in TFA/triisopropylsilane/water 
solution (95/2.5/2.5 v/v/v) for 4 h. The cleavage solution was 
then evaporated off  under reduced pressure. The resin was washed 
twice with cold diethyl ether/hexane (50/50 v/v) and filtered 
out with a sintered glass funnel. The precipitate was dissolved in 
a solution of  acetonitrile/water/TFA (50/50/0.1 v/v/v). The 
peptide dissolved and the resin could be filtered off. The peptide 
solution was freeze-dried to produce crude peptide as a yellow-
white amorphous powder. The crude peptide was then purified 
by preparative RP-HPLC on a C-18 column to generate peptide 
1. The quality of  peptide 1 was analyzed by ESI-MS and analytical 
RP-HPLC. HPLC analysis (C-18 column): (tR=18.3 min),14 purity 
>95%. Yield: 37%.ESI-MS: [M+H]+ m/z 1743.85 (calculated as 
1743.75), [M+2H]2+ m/z 872.50 (calc. 872.44), [M+3H]3+ m/z 
581.95 (calc. 581.96).

Synthesis and purification of peptide 2, 3 and 4: Peptides 2, 3 and 4 
were synthesized in the same way as 8Qmin peptide, except the last 
amino acids were modified with glutamic acid (Glu) using the same 
procedure for amino acid coupling mentioned above. Peptides 2, 3, 
and 4 were coupled with two, five and 10 Glu residues, respectively. 
A coupling cycle of  azido acetic acid was then carried out on each 
sample, as above. ESI-MS and analytical RP-HPLC were used to 
analyse the peptide products.

Peptide 2, HPLC analysis (C-18 column): (tR=17.5 min), purity 
>95%. Yield: 27%. ESI-MS: [M+2H]2+ m/z 1001.45 (calc. 
1001.56), [M+3H]3+ m/z 667.95 (calc. 668.04).
Peptide 3, HPLC analysis (C-18 column): (tR=17.6 min), purity 
>95%. Yield: 20%. ESI-MS: [M+2H]2+ m/z 1195.05 (calc. 
1195.02), [M+3H]3+m/z 796.95 (calc. 797.01). 
Peptide 4, HPLC analysis (C-18 column): (tR=18.1 min), purity 
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>95%. Yield: 15%. ESI-MS: [M+2H]2+ m/z 1518.45 (calc. 
1517.13), [M+3H]3+ m/z 1012.15 (calc. 1011.75).

Synthesis and Purification of Vaccine Conjugates 5-8

Copper-catalyzed alkyne-azide cycloaddition (‘click’) reaction: 
Copper-catalyzed alkyne-azide cycloaddition (CuAAC) “click” 
reactions were performed similarly to previous studies.10-12,14 
Peptides 1-4 were individually conjugated to the alkyne-
functionalized 8-arm “poly(tert-butyl acrylate)” dendrimer D8 
by CuAAC reaction to produce conjugates 5-8 (Figure 1). Freshly 
washed copper wires were used as a catalyst for each reaction. 
Copper wires were treated with concentrated sulfuric acid (3 min), 
washed with distilled water and methanol, then vacuum-dried. 
Polymer PtBA (D8, 4 mg, 1 equiv.) and peptides 1, 2, 3 and 4 (10 
equiv.) were dissolved in DMF (1 mL). The processed copper wires 
(60 mg) and a clean 0.5 cm stir bar were added into the reaction 
mixture. The glass flask that contained the reaction mixture was 
super sealed by rubber cap, and the oxygen was removed by adding 
nitrogen (30 s). The sealed flask was connected with a nitrogen-
containing balloon in an enclosed system. Half  of  the flask bottom 
was stationarily dipped into a pre-heated 50 °C oil bath. Both the 
enclosed system and oil bath were covered by aluminum foil and 
stirred at 300x for 6-7-hours. The “click” reaction was finalized 
when the colour of  the solution turned light green. The solution 
(volume: 1 mL) was subsequently filtered via cotton plug into a 
scintillation vial to remove the copper wires.

Self-assembly: The above filtrates were slowly, individually 
transferred into a 5 mL syringe. The “click” flask was washed with 
0.5 mL DMF, and the solution filtered again. A new scintillation 
vial containing 4 mL of  1x PBS was prepared, and a clean 1 cm stir 
bar and 2 μL of  5 M NaOH were added into the vial. The dropping 
speed of  DMF into PBS was set at 0.5 mL/h. The products were 
allowed to self-assemble into particles by solvent replacement 
(DMF/PBS). All compounds were then dialyzed against PBS 
in parallel to remove excess or unreactive peptides and copper 
salts. Formulated compounds 5-8 were carefully transferred into 
separate dialysis tubes, which were tightly capped on both ends. 
Each capped tube was clipped to a float and added into a beaker 
containing PBS (1 L) and a 5 cm stir bar. The dialysis systems were 
stirred at 250 X/min and the PBS was renewed three times per day, 
for three days. After the first three-day dialysis, the solutions were 
removed for elemental analysis, particle size measurements and in 
vivo immunizations. All conjugates were observed to form milky 
suspensions within basic buffer (pH 7.4). In order to complete 
elemental analysis, 4 mL of  each sample was dialyzed against 
water to remove PBS for an additional three days. The remaining 
compounds formulated in PBS were used for “DLS and in vivo 
immunizations.”

Physicochemical Characterization of Vaccine Constructs

Elemental analysis: Samples obtained from the second dialysis were 
transferred into new scintillation vials, then freeze-dried into solids. 
In this study, we focused on the changes in the nitrogen/carbon 
ratio (N/C) on dendrimer D8 before and after peptide conjugation, 

as previously reported.12 A polymer-peptide conjugate was known 
to be formed if  the conjugate contained a higher N/C ratio than 
the polymer D8 (N/C=0.017), due to the addition of  nitrogen-
rich peptide onto the polymer.12 The actual conjugation degree of  
peptide onto the polymer core was calculated using the N/C ratio 
and an established relationship between conjugation degree and 
N/C ratio. The actual conjugation degree was then compared to 
the calculated conjugation degree of  polymer fully conjugated with 
peptides to work out the percentage of  conjugation efficiency, as 
previously reported.12,14

Dynamic light scattering: To perform DLS, 1 mL of  each 
compound formulated in PBS was transferred to a capillary cuvette 
at 25 °C. Particle sizes were measured in five to eight repeated runs 
using a Malvern Zetasizer Nano Series instrument with a scattering 
angle of  173° and correction time of  10 sec per run. The particle 
sizes (diameter in nm) of  each compound were averaged by the 
Zetasizer 6.2 software. 

In vivo Tumor Challenge and Vaccine Treatment 

Animals: Thirty female naïve C57 black 6 (C57BL/6) mice 
(5-7-weeks old) were shipped from the Animal Resources Centre 
(Perth, Western Australia) to the Biological Research Facility at 
the Translational Research Institute. All animal protocols used 
were approved by The University of  Queensland Animal Ethics 
Committee (UQDI/327/13/NHMRC) in accordance with the 
guidelines of  the Australian National Health and Medical Research 
Council (NHMRC). The mice were separated evenly into six cages 
(five mice per cage).
 
Tumor cells and injection: TC-1 cells were generated by 
transforming murine C57BL/6 lung epithelial cells with HPV-
16 E6/E7 and ras oncogenes.25 TC-1 cells were cultured and 
maintained at 37 °C/5% CO2 in RPMI 1640 medium supplemented 
with 20% FBS, 1×penicillin-streptomycin glutamine solution, and 
50 μM β-mercaptoethanol. On the day of  the tumor challenge 
(day 0), adherent TC-1 cells were harvested using 0.25% Trypsin-
EDTA solution, washed twice with cold PBS, and counted using 
a hemocytometer. The cells were then resuspended at 5×106 
cells/mL in cold PBS. Prior to injection, mice were anesthetized 
with 4-5% isoflurane at an oxygen flow rate of  0.5 L/min. Each 
mouse was injected subcutaneously with 5×105 cells suspended 
in 100 μL PBS into the shaved right flank. On day 7 after tumor 
implantation, mice were immunized subcutaneously with a single 
dose of  treatment into the shaved left flank. Positive control mice 
were administered with 30 μg of  8Qmin physically mixed with 50 μL 
Montanide ISA51 and 50 μL PBS (100 μL total volume). Negative 
control mice received 100 μL of  pure sterile PBS. Test groups 
received compound 5, 6, 7, or 8 formulated in PBS (100 μL total 
volume) from the samples achieved after dialysis against PBS.

Tumor measurement: The size of  each tumor was measured 
in two dimensions by electronic digital callipers every Monday, 
Wednesday and Friday of  the experimental period. Tumor volumes 
were calculated using the formula:
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          (largest diameter×perpendicular diameter2)
Tumor volume (cm3)=
     2

 Mice with tumor volumes greater than or equal to 1 cm3 

were immediately culled, in-line with ethical guidelines.

RESULTS

Synthesis and Purification of Peptide Epitopes
 
Peptides 1-4 (Figure 1) were synthesized by stepwise Fmoc-
SPPS and individually conjugated to dendrimer D8 to produce 
four conjugates 5-8, by CuAAC “click” reaction (Figure1). The 
conjugates were then allowed to self-assemble into particles under 
aqueous conditions. The conjugation of  peptides to the polymer 
core was confirmed by elemental analysis. The N/C ratio obtained 
from elemental analysis showed that, on average, 6.7, 6.0, 7.7, and 
6.8 peptide molecules were conjugated to the D8 molecule for 
compounds 5, 6, 7 and 8, respectively. The substitution ratio in 
compound 7 was the highest at 97%, followed by compounds 8, 5 
and 6 with 85%, 84% and 75% respectively (Table 1). 

Dynamic Light Scattering

DLS spectra (Figure 2) showed that conjugates 5, 6, and 8 formed 
particles very consistent in size, whereas particles of  compound 7 
varied in size (Figure 2). Compound 5 formed 3 μm large particles, 
which were smaller than previously reported (13 μm). This 
might be related to the higher substitution efficacy (84% vs 76%) 
achieved in the current study.12 Conjugate particle size decreased 
proportionally with the number of  hydrophilic glutamic acid 
moieties incorporated into the conjugates. 

In vivo Tumor Challenge and Vaccine Treatment

The in vivo tumor challenge was designed to evaluate the therapeutic 
efficacy of  vaccine candidates 5-8 against established HPV tumors 
(7-days old) in comparison with positive (8Qmin+ISA51) and 
negative controls (PBS). Thirty naïve mice allocated to six groups 
were injected with tumor cells, then received a single treatment 
dose (100 μL total volume) seven days later. They were palpated 
and checked for tumor growth every two-to-three days for 44 days.

25

Table 1. Conjugation Efficiency for Conjugates 5-8

Theoretical N/C 
ratio

Actual N/C 
ratio

Substitution 
ratio

Conjugate 5 0.148 0.133 84%

Conjugate 6 0.153 0.128 75%

Conjugate 7 0.159 0.155 97%

Conjugate 8 0.167 0.152 85%

D8 0.02 - 0%

For each compound, the actual N/C ratio given by elemental analysis was used to 
calculate the degree of conjugation. The conjugation efficiency was then achieved by 
comparing this conjugation degree with that of a fully-conjugated polymer D8. A 
fully-conjugated polymer is known to conjugate with eight peptides over its eight arms.

Figure 2. DLS Analysis of the Average Particle Size (d, nm) of each Conjugate. The DLS Spectra Show the Size Distribution of (a) Conjugate 5, (b) Conjugate 6, 
(c) Conjugate 7, and (d) Conjugate 8

Results for each conjugate were averaged to provide mean conjugate particle sizes. A total of five runs were made for the measurements of compound 5, 6, and 
8, while compound 7 was measured by eight runs to further examine the variation in particle size.

Figure 3. Mean Tumor Volume (Cm3) of Mice Challenged with 5×105 Tc-1 Cells/Mouse 
(Day 0), Then immunized on Day 7 with Compound 5, 6, 7, or 8, or Positive/Negative 
Control Solution
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Individual mice were culled when their tumors were equal to or 
greater than 1 cm3. The average tumor volumes per group were 
calculated and plotted until the first mouse was culled (Figure 3). 
All groups showed the same rate of  tumor growth until day 10. 
Tumor growth was slowest in mice immunized with compound 
7. On day 21, the average tumor volume of  mice immunized with 
compound 8 was 0.7 cm3; while that of  compound 7 was 0.4 cm3.
The profile of  tumor growth for each individual mouse is shown 
in Figure 4. It should be noted that no side-effects or allergic 
responses were reported in any mouse during the in vivo study.

 The survival rates of  mice in the different test groups 
directly compared using Kaplan-Meier survival curves (Figure 
5). The survival rate of  mice immunized with conjugates 5-8 and 
adjuvanted antigen (8Qmin+ISA51) was not statistically higher than 
untreated mice (PBS group). At the end of  the challenge, only one 
mouse, treated with compound 7, survived. However, the mouse 

was not tumor-free and, although the tumor initially shrunk, it 
regrew rapidly from day 28 (Figure 4e).

DISCUSSION

Oncoproteins E6 and E7 are extensively expressed in all cervical 
cancer cells. Between these, E7 is more abundant and more capable 
of  immortalizing cells.26 Therefore, the E7 oncoprotein was chosen 
as an immunogen in this study. To avoid the side-effects associated 
with the use of  whole proteins, the 8Qmin peptide, which contains 
T-helper cell epitope and CTL epitope, was employed. 8Qmin was 
conjugated to an 8-arm dendritic polymer delivery platform (D8) 
to produce self-assembling particles, 5, as previously reported.11-14 
In addition, polar poly-(L-glutamic acid) (PGA) linker between the 
peptide epitope and the polymer was introduced to change the 
amphiphilic properties of  the conjugates, allowing self-assembly 
into smaller particles.

 Four different azide modified epitopes (1-4) were 
synthesized by Fmoc-SPPS and conjugated individually to a 
poly(t-butyl acrylate) dendrimer (D8) by CuAAC “click” reaction 
to obtain conjugates 5-8 (Figure 1). Polyacrylate was chosen as 
an antigen carrier because it and its analogues have good safety 
profiles, confirmed pharmaceutical applications,27 and promising 
adjuvanting capabilities.12,14,28 Dendritic polymer D8 with eight 
alkyne functional groups was recently found to be a more effective 
delivery platform for 8Qmin epitope than other polyacrylate 
analogues.12 The efficacy of  5 (D8 conjugated to 8Qmin) has been 
reported previously. However, although 5 was able to trigger 
cellular immune responses that completely eradicated early-stage 
TC-1 tumors (3-days-old) in mice, its efficacy dropped drastically 
when used against older tumors (40% survival after 90 days).12 
Herein, we modified conjugate 5 with PGA units to increase the 
hydrophilicity of  the peptide epitope.

26

Figure 4. Vaccine Immunotherapeutic Effect on the Change in Tumor Volume for each Mouse. The Tumor Volume (cm3) in Individual Mice Treated with (a) Physical 
Mixture of 8Qmin and ISA51, (b) PBS, (c) Conjugate 5, (d) Conjugate 6, (e) Conjugate 7, and (f) Conjugate 8 were Measured from Day 0 to the Day that Mouse 
was Culled

Figure 5. Survival Rates of Mice. The Survival Rate of each Group of Mice was Recorded 
from Day 0 to Day 44, when the Last Mouse was Culled

The survival rate of each group was plotted on a Kaplan-Meier survival curve, and was 
compared to that of the positive control (8Qmin+ISA51). The difference in survival rates 
between groups was not statistically significant (p>0.05).
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 As expected, the addition of  Glu moieties into the 
peptides resulted in changes to the particle sizes of  self-assembled 
conjugates 5-8. The particles formed by compound 6 were two-
times smaller than the particles formed by 5, suggesting that even 
two additional Glu moieties can influence particle size (Figure 2). 
Compound 8, which contained the highest number of  Glu units, 
produced the smallest particles (460 nm); therefore, the number 
of  Glu units showed direct correlation with the size of  particles 
produced. Unexpectedly, compound 7 formed particles in a wider 
size range than the other conjugates. The inconsistent self-assembly 
properties of  conjugate 7 could have been driven by electrostatic 
interaction and hydrogen bonding between different particles 
facilitated by hydrophilic segments of  the peptides, resulting in 
multiple conjugates aggregating in different self-assembly patterns.

 The therapeutic effects of  the developed vaccines were 
evaluated by the ability of  conjugates 5-8 to eradicate tumors 
in female C57BL/6 mice. For this study, a transplantable tumor 
model was used as a substitute for natural HPV-induced tumors. In 
this model, murine epithelial TC-1 cells were co-transformed with 
HPV-16 E6, E7, and ras oncoprogenes, and propagated in inbred 
mice.25 The tumors formed by these cells have been reported 
to be susceptible to peptide-based immunogens of  therapeutic 
vaccine constructs in various studies.29-32 As a follow-up to our 
previous studies,12,14 we established this preclinical model to test 
for HPV-specific immune responses following tumor challenge.12 
Mice treated with the most polydisperse conjugate 7, showed the 
slowest tumor progression and the best survival rate (Figure 5). 
Interestingly, compound 5 was less effective at triggering antitumor 
immune responses than reported previously. Hussein et al found 
that mice vaccinated with conjugate 5 had significantly reduced 
tumor volumes and improved survival rates (4/10) compared to 
positive (2/10) and negative control mice (0/10).11,12 The weaker 
than anticipated effectiveness of  conjugate 5 in the present study 
could be explained by several theories: (1) tumor growth rate 
inconsistency between studies; even comparatively tiny variability 
in the amount of  inoculated tumor cells can have a major impact 
on tumor development;33,34 (2) variability in the sensitivity of  
C57BL/6 mice to TC-1 tumors;35 and (3) variation (even if  minor) 
in the properties of  conjugate 5 between distinct synthetic lots.9

 Unfortunately, the reduction of  particle size in the 
polymer-antigen conjugates from 13,000 nm (5) to 430 nm (8) 
did not improve antitumor efficacy. This highlights that further 
optimization of  vaccine structures and dosing is required to target 
HPV-associated lesions. The number of  immunosuppressive cells 
at the time of  vaccine administration should be reduced to enhance 
CTL responses. For example, in vivo depletion or inactivation of  
Tregs has been proven to allow a strong intratumoral invasion 
of  CTLs and complete eradication of  HPV-associated tumors in 
mice36-39 and humans.40,41

CONCLUSION

Four different peptides, 1-4, containing 8Qmin and PGA of  
different lengths, were successfully synthesized with high-yield 
and high-purity. These peptides were conjugated to the polymer 

D8 to generate four different vaccine candidates, 5-8, which were 
then self-assembled into particles. The size of  the formed particles 
was controlled by PGA length. Vaccine compounds 5-8 were 
administered to tumor-bearing C57BL/6 mice, and compound 7 
was found to be the most potent vaccine candidate with a 20% 
survival rate. Results suggest that the size of  the nanoparticles did 
not influence potency, contrasting a variety of  previous reports that 
showed that “smaller is better”. We suggest that future vaccination 
strategies include additional boost vaccinations, as well as 
immunological monitoring of  the target tumor microenvironment 
following initial vaccination to boost T-cell immune responses.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of  interest.

REFERENCES 

1. Burd EM. Human papillomavirus and cervical cancer. Clin Mi-
crobiol Rev. 2003; 16(1): 1-17. doi: 10.1128/Cmr.16.1.1-17.2003

2. Cardone G, Moyer AL, Cheng NQ, et al. Maturation of  the 
human papillomavirus 16 capsid. MBio. 2014; 5(4): 1-11. doi: 
10.1128/mBio.01104-14

3. Chapman R, Soldan K, Jit M. Modelling borderline and mild 
dysplasia associated with HPV 6 and 11 infection. Vaccine. 2011; 
29(16): 2881-2886. doi: 10.1016/j.vaccine.2011.02.008

4. Pinto LA, Castle PE, Roden RB, et al. HPV-16 L1 VLP vaccine 
elicits a broad-spectrum of  cytokine responses in whole blood. Vac-
cine. 2005; 23(27): 3555-3564. doi: 10.1016/j.vaccine.2005.01.146

5. Munoz, N, Bosch, FX, de Sanjose, S, et al. Epidemiologic clas-
sification of  human papillomavirus types associated with cervical 
cancer. N Engl J Med. 2003; 348(6): 518-527. doi: 10.1056/NEJ-
Moa021641

6. Kirby T. FDA approves new upgraded Gardasil 9. Lancet Oncol. 
2015; 16(2): e56-e56. doi: 10.1016/S1470-2045(14)71191-X

7. Liu TY, Hussein WM, Toth I, Skwarczynski M. Advances in pep-
tide-based human papillomavirus therapeutic vaccines. Curr Top Med 
Chem. 2012; 12(14): 1581-1592. doi: 10.2174/156802612802652402

8. Purcell AW, McCluskey J, Rossjohn J. More than one reason to 
rethink the use of  peptides in vaccine design. Nat Rev Drug Discov. 
2007; 6(5): 404-414. doi: 10.1038/nrd2224

9. Khongkow M, Liu T-Y, Bartlett S, et al. Liposomal formula-
tion of  polyacrylate-peptide conjugate as a new vaccine candidate 
against cervical cancer. Prec Nanomed. 2018; 1(3): 186-196. doi: 
10.33218/prnano1(3).181003.1

10. Hussein WM, Liu TY, Maruthayanar P, et al. Double conju-
gation strategy to incorporate lipid adjuvants into multiantigenic 

27Original Research | Volume 4 | Number 1|

http://dx.doi.org/10.17140/VROJ-4-114
https://doi.org/10.1128/Cmr.16.1.1-17.2003
https://doi.org/10.1128/mBio.01104-14
https://doi.org/10.1016/j.vaccine.2011.02.008
https://doi.org/10.1016/j.vaccine.2005.01.146
https://doi.org/10.1056/NEJMoa021641
https://doi.org/10.1056/NEJMoa021641
https://doi.org/10.1016/S1470-2045%2814%2971191-X
https://doi.org/10.2174/156802612802652402
https://doi.org/10.1038/nrd2224
https://doi.org/10.33218/prnano1%283%29.181003.1


    Hussein WM et al

Vaccin Res Open J. 2019; 4(1): 21-29. doi: 10.17140/VROJ-4-114

vaccines. Chem Sci. 2016; 7(3): 2308-2321. doi: 10.1039/c5sc03859f

11. Hussein WM, Liu TY, Jia ZF, et al. Multiantigenic peptide-
polymer conjugates as therapeutic vaccines against cervical can-
cer. Bioorgan Med Chem. 2016; 24(18): 4372-4380. doi: 10.1016/j.
bmc.2016.07.036

12. Liu TY, Hussein WM, Giddam AK, et al. Polyacrylate-based 
delivery system for self-adjuvanting anticancer peptide vaccine. J 
Med Chem. 2015; 58(2): 888-896. doi: 10.1021/jm501514h

13. Liu TY, Giddam AK, Hussein WM, et al. Self-adjuvanting 
therapeutic peptide-based vaccine induce CD8(+) cytotoxic T 
Lymphocyte responses in a murine human papillomavirus tumor 
model. Curr Drug Delivery. 2015; 12(1): 3-8. doi: 10.2174/15672018
11666141001155729

14. Liu TY, Hussein WM, Jia Z, et al. Self-adjuvanting polymer-
peptide conjugates as therapeutic vaccine candidates against cervi-
cal cancer. Biomacromolecules. 2013; 14(8): 2798-2806. doi: 10.1021/
bm400626w

15. Skwarczynski M, Toth I. Recent advances in peptide-based 
subunit nanovaccines. Nanomedicine (Lond). 2014; 9(17): 2657-2669. 
doi: 10.2217/Nnm.14.187

16. Skwarczynski M, Zaman M, Urbani CN, et al. Polyacrylate den-
drimer nanoparticles: A self-adjuvanting vaccine delivery system. 
Angew Chem Int Ed Engl. 2010; 49(33): 5742-5745. doi: 10.1002/
anie.201002221

17. Ahmad Fuaad AA, Jia Z, Zaman M, et al. Polymer-peptide hy-
brids as a highly immunogenic single-dose nanovaccine. Nanomedi-
cine (Lond). 2014; 9(1): 35-43. doi: 10.2217/nnm.13.7

18. Zaman M, Skwarczynski M, Malcolm JM, et al. Self-adjuvant-
ing polyacrylic nanoparticulate delivery system for group A strep-
tococcus (GAS) vaccine. Nanomedicine. 2011; 7(2): 168-173. doi: 
10.1016/j.nano.2010.10.002

19. Chandrudu, S, Bartlett, S, Khalil, ZG, et al. Linear and branched 
polyacrylates as a delivery platform for peptide-based vaccines. 
Ther Deliv. 2016; 7(9): 601-609. doi: 10.4155/tde-2016-0037

20. Zhao, GZ, Chandrudu, S, Skwarczynski, M, Toth I. The ap-
plication of  self-assembled nanostructures in peptide-based sub-
unit vaccine development. Eur Polym J. 2017; 93: 670-681. doi: 
10.1016/j.eurpolymj.2017.02.014

21. Hilgers LA, Ghenne L, Nicolas I, Fochesato M, Lejeune G, 
Boon B. Alkyl-polyacrylate esters are strong mucosal adjuvants. 
Vaccine. 2000; 18(28): 3319-3325. doi: S0264-410X(00)00114-6

22. Hilgers LA, Nicolas I, Lejeune G, Dewil E, Strebelle M, Boon 
B. Alkyl-esters of  polyacrylic acid as vaccine adjuvants. Vaccine. 
1998; 16(16): 1575-1581. doi: S0264410X98000474

23. Leak LV. Studies on the permeability of  lymphatic capillaries. J 
Cell Bio. 1971; 50(2): 300-323. doi: 10.1083/jcb.50.2.300

24. Manolova V, Flace A, Bauer M, Schwarz K, Saudan P, Bach-
mann MF. Nanoparticles target distinct dendritic cell populations 
according to their size. Eur J Immunol. 2008; 38(5): 1404-1413. doi: 
10.1002/eji.200737984

25. Li YL, Ma ZL, Zhao Y, Zhang J. Immunization with mutant 
HPV16 E7 protein inhibits the growth of  TC-1 cells in tumor-
bearing mice. Oncol Lett. 2015; 9(4): 1851-1856. doi: 10.3892/
ol.2015.2911

26. Munger K, Phelps WC, Bubb V, Howley PM, Schlegel R. The 
E6-gene and E7-gene of  the human papillomavirus type-16 to-
gether are necessary and sufficient for transformation of  primary 
human keratinocytes. J Virol. 1989; 63(10): 4417-4421. 

27. Greenhalgh K, Turos E. In vivo studies of  polyacrylate 
nanoparticle emulsions for topical and systemic applications. Nano-
medicine. 2009; 5(1): 46-54. doi: 10.1016/j.nano.2008.07.004

28. Zaman M, Simerska P, Toth I. Synthetic polyacrylate polymers 
as particulate intranasal vaccine delivery systems for the induction 
of  mucosal immune response. Curr Drug Deliv. 2010; 7(2): 118-124. 
doi: 10.2174/156720110791011846

29. Stanley MA. Progress in prophylactic and therapeutic vaccines 
for human papillomavirus infection. Expert Rev Vaccines. 2003; 2(3): 
381-389. doi: 10.1586/14760584.2.3.381

30. Zwaveling S, Ferreira Mota SC, Nouta J, et al. Established hu-
man papillomavirus type 16-expressing tumors are effectively erad-
icated following vaccination with long peptides. J Immunol. 2002; 
169(1): 350-358. doi: 10.4049/jimmunol.169.1.350

31. Chu NR, Wu HB, Wu TC, et al. Immunotherapy of  a human 
papillomavirus (HPV) type 16 E7-expressing tumour by adminis-
tration of  fusion protein comprising Mycobacterium bovis bacille 
Calmette-Guerin (BCG) hsp65 and HPV16 E7. Clin Exp Immunol. 
2000; 121(2): 216-225. doi: 10.1046/j.1365-2249.2000.01293.x

32. Hariharan K, Braslawsky G, Barnett RS, et al. Tumor regres-
sion in mice following vaccination with human papillomavirus E7 
recombinant protein in PROVAX. Int J Oncol. 1998; 12(6): 1229-
1235. doi: 10.3892/ijo.12.6.1229

33. Cui ZG, Han SJ, Huang L. Coating of  mannan on LPD par-
ticles containing HPV E7 peptide significantly enhances immunity 
against HPV-positive tumor. Pharm Res. 2004; 21(6): 1018-1025. 
doi: 10.1023/B:PHAM.0000029292.66792.4f

34. Daftarian PM, Mansour M, Pohajdak B, et al. Rejection of  large 
HPV-16 expressing tumors in aged mice by a single immunization 
of  VacciMax encapsulated CTL/T helper peptides. J Transl Med. 
2007; 5: 26. doi: 10.1186/1479-5876-5-26

28 Original Research | Volume 1 | Number 1|

http://dx.doi.org/10.17140/VROJ-4-114
https://doi.org/10.1039/c5sc03859f
https://doi.org/10.1016/j.bmc.2016.07.036
https://doi.org/10.1016/j.bmc.2016.07.036
https://doi.org/10.1021/jm501514h
https://doi.org/10.2174/1567201811666141001155729
https://doi.org/10.2174/1567201811666141001155729
https://doi.org/10.1021/bm400626w
https://doi.org/10.1021/bm400626w
https://doi.org/10.2217/Nnm.14.187
https://doi.org/10.1002/anie.201002221
https://doi.org/10.1002/anie.201002221
https://doi.org/10.2217/nnm.13.7
https://doi.org/10.1016/j.nano.2010.10.002
https://doi.org/10.4155/tde-2016-0037
https://doi.org/10.1016/j.eurpolymj.2017.02.014
https://doi.org/S0264-410X%2800%2900114-6
https://doi.org/S0264410X98000474
https://doi.org/10.1083/jcb.50.2.300
https://doi.org/10.1002/eji.200737984
https://doi.org/10.3892/ol.2015.2911
https://doi.org/10.3892/ol.2015.2911
https://doi.org/10.1016/j.nano.2008.07.004
https://doi.org/10.2174/156720110791011846
https://doi.org/10.1586/14760584.2.3.381
https://doi.org/10.4049/jimmunol.169.1.350
https://doi.org/10.1046/j.1365-2249.2000.01293.x
https://doi.org/10.3892/ijo.12.6.1229
https://doi.org/10.1023/B:PHAM.0000029292.66792.4f
https://doi.org/10.1186/1479-5876-5-26


    Hussein WM et al

Vaccin Res Open J. 2019; 4(1): 21-29. doi: 10.17140/VROJ-4-114

35. Wu CY, Monie A, Pang X,  Hung CF, Wu TC. Improving thera-
peutic HPV peptide-based vaccine potency by enhancing CD4+ 
T help and dendritic cell activation. J Biomed Sci. 2010; 17: 88. doi: 
10.1186/1423-0127-17-88

36. Bergot AS, Durgeau A, Levacher B, Colombo BM, Cohen JL, 
Klatzmann D. Antigen quality determines the efficiency of  anti-
tumor immune responses generated in the absence of  regulato-
ry T cells. Cancer Gene Ther. 2010; 17(9): 645-654. doi: 10.1038/
cgt.2010.21

37. Shimizu, J, Yamazaki, S, Sakaguchi, S Induction of  tumor im-
munity by removing CD25(+)CD4(+) T cells: A common basis 
between tumor immunity and autoimmunity. J Immunol. 1999; 
163(10): 5211-5218. 

38. Hoffmann C, Stanke J, Kaufmann AM, Loddenkemper C, 
Schneider A, Cichon G. Combining T-cell vaccination and appli-

cation of  agonistic Anti-GITR mAb (DTA-1) induces complete 
eradication of  HPV oncogene expressing tumors in mice. J Immu-
nother. 2010; 33(2): 136-145. doi: 10.1097/CJI.0b013e3181badc46

39. Loddenkemper, C, Hoffmann, C, Stanke, J, et al. Regulatory 
(FOXP3(+)) T cells as target for immune therapy of  cervical in-
traepithelial neoplasia and cervical cancer. Cancer Sci. 2009; 100(6): 
1112-1117. doi: 10.1111/j.1349-7006.2009.01153.x

40. Chuang CM, Hoory T, Monie A, Wu A, Wang MC, Hung CF. 
Enhancing therapeutic HPV DNA vaccine potency through deple-
tion of  CD4(+)CD25(+) T regulatory cells. Vaccine. 2009; 27(5): 
684-689. doi: 10.1016/j.vaccine.2008.11.042

41. Piersma SJ. Immunosuppressive tumor microenvironment in 
cervical cancer patients. Cancer Microenviron. 2011; 4(3): 361-375. 
doi: 10.1007/s12307-011-0066-7

Submit your article to this journal | https://openventio.org/submit-manuscript/

29Original Research | Volume 4 | Number 1|

http://dx.doi.org/10.17140/VROJ-4-114
https://doi.org/10.1186/1423-0127-17-88
https://doi.org/10.1038/cgt.2010.21
https://doi.org/10.1038/cgt.2010.21
https://doi.org/10.1097/CJI.0b013e3181badc46
https://doi.org/10.1111/j.1349-7006.2009.01153.x
https://doi.org/10.1016/j.vaccine.2008.11.042
https://doi.org/10.1007/s12307-011-0066-7


VACCINATION RESEARCH
Open Journal

ISSN 2771-750X

R. M. Asela Priyadarshana, BSc1*; Clarencia R. Daniel, BSc2

1Northumbria University, Newcastle, UK
2Department of Molecular Biology, Nawaloka Green Cross Laboratories, Nawaloka Hospitals PLC, Colombo, Sri Lanka

*Corresponding author 
 R.M. Asela Priyadarshana
Northumbria University, Newcastle, UK; E-mail: azelarathnayake@gmail.com

Article Information
Received: October 26th, 2019; Revised: December 26th, 2019; Accepted: December 30th, 2019; Published: December 31st, 2019

Cite this article
Priyadarshana RMA, Daniel CR. Analysis of antibiotic resistance of the probiotic bacteria found in commercial food products. Vaccin Res Open J. 2019; 4(1): 30-37. 
doi: 10.17140/VROJ-4-115

Analysis of Antibiotic Resistance of the Probiotic Bacteria 
Found in Commercial Food Products

Original Research | Volume 4 | Number 1| 30

Original Research 

    Copyright 2019 by Priyadarshana RMA. This is an open-access article distributed under Creative Commons Attribution 4.0 International License (CC BY 4.0), 
which allows to copy, redistribute, remix, transform, and reproduce in any medium or format, even commercially, provided the original work is properly cited.
cc

ABSTRACT
Aim
The Lactobacillus is an industrially-important group of  probiotic organisms that plays an important role in human health by inhibiting 
harmful and pathogenic bacterial growth, boosting immune function, and increasing resistance to infection. The aim of  this study 
was to identify the probiotic bacteria Lactobacillus based on their phenotypic features and genotypic features. This study also shows 
the importance of  probiotic bacterium, and the effects of  their antibiotic resistance to human.
Method
Six different brands were cultured on man, rogosa and sharpe (MRS) agar. The identity of  the culture was based on the 
characteristics of  the strains of  Lactobacillus spp. which was characterized using their phenotypic features (cell morphology, Gram’s 
staining tests which are specific for Lactobacillus genus). The bacterial deoxyribonucleic acid (DNA) was extracted by two different 
methods, boiled cell method and cetyl trimethylammonium bromide (CTAB) method. Furthermore, the extracted DNA yields 
were compared to determine which gives the best yield. The bacterial genus was detected with using genus specific primers, specific 
to the Lactobacillus. All the isolates were further subjected to antibiotic resistance test using disc diffusion method against a total of  
4 antibiotics (Erythromycin, Tetracycline, Vancomycin and Ampicillin) and the antibiotic resistant genes of  tet(M) & erm(B), were 
analyzed by polymerase chain reaction (PCR).
Results
Five isolates out of  six samples (A to E) were found to exhibit multiple resistance against some of  the most commonly used 
antibiotics. The isolates showed resistance toward tetracycline, erythromycin & vancomycin. Besides that, the isolates displayed a 
low-level of  resistance toward ampicillin.
Conclusion
This study proves that antibiotic resistance is present in different species of  probiotic strains, which may pose a food safety concern.

Keywords
Lactobacillus; Probiotics; Antibiotics; Tetracycline; Vancomycin; Erythromycin; Ampicillin; Antibiotic resistance.

INTRODUCTION

The Lactobacillus is a species of  bacteria with many different 
types. These probiotic bacteria routinely live in our body sys-

tems without causing disease. Lactobacillus, which is used for the 
treatment of  diarrhea, can be found in some fermented foods, 
including cheese, beer, yoghurt, cocoa, and animal feed. The Lac-
tobacillus is a genus of  Gram-positive, non-sporing, non-respiring 
cocci or rods, and can form spirals or spheres under certain condi-
tions. All their energy is obtained by converting glucose into lactic 

acid during the fermentation of  pure lactic acid. The Lactobacillus 
bacteria are commonly used as probiotic supplements in the dairy 
industry and starter cultures. There are many strains of  lactic acid 
bacteria and are commonly used to process and ferment food.1 
The consumers’ intake contains probiotics mainly in the form of  
dietary foods and supplements. They can be used as complemen-
tary and alternative medicine (CAM). The Lactobacillus bacteria, 
non-lactic acid bacteria and yeasts can be considered as probi-
otics. The Lactobacillus bacteria are the most important probiotic 
known to have beneficial effects on the human gastro-intestinal 
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(GI) tract. Moreover, dark chocolate, microalgae, kimchi, tem-
peh and kombucha tea are also sources of  Lactobacillus bacteria.2

 A number of  health benefits have been claimed from 
probiotic bacteria such as Lactobacillus acidophilus, Bifidobacterium 
spp., and Lactobacillus casei. Because of  the potential health benefits, 
these organisms are increasingly incorporated into dairy foods.3

 The Lactobacillus bacteria have a positive effect on health 
when its concentration is high enough. These foods can have a posi-
tive effect on the digestion and can prevent unwanted bacteria from 
spreading infections or diseases. Consumers are very well aware of  
the fact that fermented products contain living organisms, provid-
ed the fact that dairy products such as curd have a healthy record.4

 Some studies have shown that some provocative cho-
lesterol levels can be reduced with the aid of  these probiotic 
bacteria. In addition, invasive plants and probiotics such as Lac-
tobacillus acidophilus can help prevent and reduce diarrhea associ-
ated with various diseases. It also can help to treat and prevent 
vaginal infections, cold and flu symptoms, and allergy symptoms.3

 Antibiotic resistance has become a serious problem 
due to the high number of  antibiotic-resistant strains. Once the 
factors related to drug resistance are transferred to other micro-
organisms, especially through food transporters, they can cause 
enormous problems. The evolution of  antibiotic-resistant path-
ogens being resistant to antibiotics has been widely reported.5

 The antibiotic susceptibility of  the tested strains was 
evaluated according to the antimicrobial drug sensitivity stand-
ard of  Clinical and Laboratory Standards Institute (CLSL) 
criteria. A study which used 29 isolated strains of  Lactobacil-
lus, reported antibiotic resistance in the 1980s as well. The re-
searchers generally believed that the resistance was a result of  
the long evolution and it was generally endogenous resistance.6

 Antibiotics remain to be the main treatment strategy 
for the treatment of  a variety of  infectious pathogens in humans 
and veterinary medicine. However, the indiscrimination and im-
proper use of  antibiotics has led to decreased susceptibility and 
increased resistance rates observed not only in disease-caus-
ing microbes but in commensal microbes as well. In the human
clinical environment, these antibiotic-resistant pathogens have 
caused numerous therapeutic failures, eventually leading to hos-
pital morbidity and death. Many studies have shown that mi-
crobes are commonly used to produce municipal and sometimes 
mutated microorganisms, rather than killing pathogenic micro-
organisms with antibiotics.7 Probiotic bacterial strains used in 
both animal and human applications also have risks in becom-
ing conduits themselves in spreading antibiotic resistance genes.8

 Lactobacillus bacteria have also been used to treat dia-
betes, abdominal muscle syndrome, Crohn’s disease and large 
intestine stroke. Moreover, there are some very important ben-
efits of  the Lactobacillus bacteria such as levels of  stimulating 
cholesterol can be reduced. In addition to that, invasive plants 

and probiotics like the Lactobacillus acidophilus can help pre-
vent diarrhea related to various diseases. Most of  the commer-
cial meals and food are now associated with a set of  antibiotic 
bacteria to meet healthy growth satisfaction requirements.9,10

 However, this study is most importantly carried out to 
identify the probiotic bacteria Lactobacillus based on their pheno-
typic features and genotypic features. This study also shows the 
importance of  probiotic bacterium, and the effects of  their antibi-
otic resistance to human.

MATERIALS AND METHODOLOGIES 

Bacterial Medium and Sample Preparation

Initially, Lactobacilli man, rogosa and sharpe (MRS) agar medium 
was prepared and it was autoclaved. In the meantime, 6 plates 
were labeled from sample A-F. The mixture was poured to the 
plates and it was kept to solidify by leaving it open for 30-sec-
onds before closed. Six different curd brands were used and it 
was transferred to fresh beakers. After transferring curd samples 
were dissolved in saline water and mixed well with the glass rod.

Culturing of Lactobacillus
 
The sterilized loop was used to remove a loopful of  inoculum from 
the plate. The lid of  the plate was slightly lifted just enough to insert 
the loop. One plate was used to culture one sample. Therefore, 
each plate was labeled with necessary information. The inoculum 
was streaked by gently moving the loop in a zig-zag pattern on the 
agar and the plates were then placed in the incubator for 24-hours 
at 37 °C.

DNA Extraction

Boiled cell method: Following standard aseptic conditions, 500 μl 
of  autoclaved distilled water was added to each falcon tube followed 
by the inoculation of  sufficient amount of  sample into the water. 
The falcon tubes were centrifuged at 4000 rpm for 10-minutes and 
it was repeated thrice. After that the supernatant was removed. 
Then 500 μl of  Tris-EDTA (TE) buffer was added to the tubes 
and it was vortexed briefly. Thereafter, the tubes were heated 100 
°C for 20 °C minutes and immediately the tubes were cooled at -20 
°C for 20-minutes. Then the tubes were centrifuged at 13000 rpm 
for 3-minutes. Finally, the falcon tubes were transferred to the 1.5 
μl eppendorf  tubes and stored at -5 °C freezer.

CTAB Extraction

At first 5 auto-claved falcons were labeled (Sample A-F) and 2.5 
ml of  autoclaved cetyl trimethylammonium bromide (CTAB) 
buffer were added to each falcon tubes. Then the sample was 
picked in sterilized loop and it was inoculated in CTAB buffer. 
Thereafter it was centrifuged at 4000 rpm for 10-minutes and it 
was repeated thrice following to the incubation of  65 °C for 30-
min. Then supernatant was transferred to the fresh falcon tube and 
equal amounts of  isopropanol alcohol were added and tube was 
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inverted to mix. Thereafter, the tubes were centrifuged until the 
precipitate was observed. After receiving the pellet, the supernatant 
was removed without disturbing the pellet. After removing the 
supernatant, 2.5 ml of  70% ethanol was added to wash the pellet 
and it was centrifuged for 1-minute. Then the excess ethanol was 
taken out using micropipette and the pellet was dried for 24-hours.

 Finally, 500 μl of  TE was added to dissolve the pellet. 
The same procedure was repeated for each 6 tubes and stored at 
-18 °C.

Spectrophotometric DNA Quantification

Deoxyribonucleic acid (DNA) quantification for the two extraction 
methods was performed in a spectrophotometer to calculate the 
DNA concentration and DNA yield for each sample.

 Readings were taken at absorbance wave length of  230 
nm, 260 nm and 280 nm. These readings were taken for each 
of  the 6 samples (Sample A-F). Before obtaining the readings 
the spectrophotometer was blanked using the TE cuvette. Three 
readings for each absorbance were taken and the mean was 
calculated.

• DNA concentration=260 nm (OD)×50 ug/mL×Dilution factor 
(DF) (101)
• DNA yield=DNA concentration×Volume of  the sample (30)

 After the calculation of  the DNA concentration and 
yield, the purity of  the DNA (260/280) was calculated for both 
extraction methods and compared. 

PCR-based Identification of Lactobacillus

A seven 500 μl eppendorf  tubes were placed for each reaction, 
and labeled appropriately to set up the number of  reactions with 
negative control reaction. Genus specific primers were used for 
detection of  Lactobacillus in the samples. The primers sequence are 
shown in below (Table 1).

 The required volume was calculated for each of  the 
polymerase chain reaction (PCR) master mix (Table 1). From the 
PCR master mix 12.25 μl was added into each PCR tube. Finally 
the DNA was added.

Detection and Analysis by Agarose Gel Electrophoresis

The following procedure was followed for all respective tests 

which are performed in this report after PCR. Initially, 2% agarose 
gel was prepared, and 8 μl of  each samples and negative control 
was loaded onto the wells followed by 2 μl of  the DNA ladder (100 
bp). Then the gel was run at 45 V for 20-minutes followed by 55 
V for 45-minutes.

Antibiotic Resistance Determination Using Disk Diffusion Method 

To prepare the bacterial inoculum, 0.85% saline was prepared and 
the colony used to inoculate broth was scraped and suspended 
in the saline. Once the optical density matched that of  the 0.5 
McFarland standard, using spread plate method, 200 μl of  
inoculum was spread onto Muellerhinton agar. Thereafter, 10 mg 
discs of  tetracycline, erythromycin, ampicillin, vancomycin and a 
negative control filter paper containing autoclaved distilled water 
was placed onto the agar. The plates were then incubated at 37 °C 
for 24-hours.

PCR Detection of Resistance Genes

PCR was performed with erythromycin erm(B) and tetracycline 
tet(M) specific primers and antibiotic resistance genes corresponding 
to the samples represented the positive results for Lactobacillus.

RESULTS

As shown in Figure 1, dull white colonies with non-defined borders 
were observed in sample C. 

 As shown in Figure 2, the colonies observed in sample 
D were white color rounded multiple colonies, with non-defined 
boarders. The colonies observed in sample E were white, irregular 
in shape and flat with defined borders. Multiple colonies along with 
various sizes were observed in sample F, which were white, round 
and flat with well-defined borders.
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Table 1. Lactobacillus Forward and Reverse Primer Sequences

Target 
Organism

Primer 
Set Sequence (5’ to 3’)  Product 

Size (bp)
Ta (°c), 

time (S)

Lactobacillus 
genus

Lacto-16S-F GGA ATC TTC CAC 
AAT GGA CG 216 56, 10 S

Lacto-16S-R CGC TTT ACG CCC 
AAT AAA TCC GG 75%

Figure 1. Curd Samples A, B and C

Figure 2. Curd Samples D, E and F. The Colonies Observed in Sample D were White Color 
Rounded Multiple Colonies, with Non-defined Boarders
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Statistical Analysis

Tests of between-subjects effects: Dependent Variable: DNA Yield 
The assumed hypothesis was that there is a significance between 
the DNA yield, the brand and method of  extraction. Taking the 
statistical calculations into consideration as given in Table 2, the 
method used had a p value greater than 0.05 (0.513) and Brand had 
a p value less than 0.05 (0.000), respectively indicating that there was 
no significance between the DNA yield and the method used. But 
considering both the method and brand together (Method*Brand), 
the p value was 0.000 (<0.05) representing that there is a significant 
contribution from both method and brand to the yield of  DNA.

 As shown by Figure 4, boiled cell method samples of  A 
and E represented with higher DNA yielding. The samples of  B, C, 
D and F represented higher DNA yielding by the CTAB extraction 
method. Comparatively CTAB extraction method’s average DNA 
yielding is relatively higher than the boiled cell method. 

 As shown in Figure 5, the boiled cell method produced 
bands for samples A and, whereas the CTAB method produced 
bands for samples A, B, C, D and E with molecular weight of  216 
bp.

 Sample A demonstrated a zone of  inhibition and 
resistance to antibiotics of  erythromycin, tetracycline and 
vancomycin and did not indicate any resistance to ampicillin, as 
shown in Figure 6.
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Figure 3. Sample A Shows Concentrated Gram-positive Small Rod Shaped Microorganism; 
Sample B Shows Less Concentrated Gram Positive, Slender Bacilli Rods; Sample C Shows 
Moderately Concentrated Gram Positive Short and Long Rods of Bacilli; Sample D Shows 
Gram Negative Short Plump Rod Bacteria Along with Some Gram Positive Rods in Chain 
Palisade Forms; Sample E Shows Moderately Concentrated Gram Positive Long, Slender rod 
Shaped Bacilli; and Sample F Shows Gram Negative Long Rods and Coccoid forms of Bacteria

Table 2. The DNA Yield Comparisons Between Two Methods and Six Brands

Source df f value p value

Corrected Model

Intercept

11

1

111.962

1347.338

0.000

0.000

Method
Brand
Method*Brand

1
5
5

0.441
109.716
136.513

0.513
0.000
0.000

Error
Total
Corrected Total

24
36
35

a. R Squared=0.981 (Adjusted R Squared=0.972)

Figure 4. Graphical Distribution of DNA Yield Between Two Extraction Methods for the 
Sample A to F

Figure 5. Agarose Gel Image of PCR Products of the DNA Extracted from CTAB and 
Boiled Cell Method

Figure 6. The Inhibition Zones on Mueller Hintons Agar Plate of Sample A
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 Figure 7 shows overlapping of  the inhibition zones of  
all the antibiotics indicating the sample B being resistant to all the 
antibiotics.

 As shown by Figure 8, sample C exhibits resistance to 
antibiotics represented by the inhibition zones being overlapped.

 As shown in Figure 9, sample D was resistant to the 
antibiotic erythromycin, tetracycline and vancomycin but did not 
indicate any resistance to ampicillin.

 Figure 10 demonstrated the sample D being resistant to 
the antibiotic erythromycin, tetracycline and vancomycin but did 
not indicate any resistance to ampicillin.

 As presented in Figure 11, the erm(B) antibiotic resistance 
gene was detected in samples B, C, D, & E, except sample A which 
indicated the positive results by PCR.
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Figure 7. The Inhibition Zones on Mueller Hintons Agar Plate of Sample B

Figure 8. The Inhibition Zones on Mueller Hintons Agar Plate of Sample C

Figure 9. The Inhibition Zones on Mueller Hintons Agar Plate of Sample D

Figure 10. The Inhibition Zones on Mueller Hintons Agar Plate of Sample E

Figure 11. Agarose Gel Image of PCR Products of the Positive DNA Samples Tested 
(CTAB) for Erythromycin Resistance Gene erm(B)

Figure 12. Agarose Gel Image of PCR Products of the Positive DNA Samples Tested 
(CTAB) for Tetracycline Resistance Gene tet(M).
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 As shown in Figure 12, the tet(M) antibiotic resistance 
gene was only detected in sample E. The samples of  B, C & D 
which indicated positive results in PCR did not generate any bands.

DISCUSSION

The aim of  the current study was to identify probiotic bacteria 
in commercially available food products and to analyze their 
antibiotic resistance. Generally, the lactic acid bacteria show 
delayed growth and smaller colony size than other microorganisms, 
making it impossible to differentiate each strain. However, the 
colony characterization was carried out and they were found 
to be Lactobacillus species but, various lactic acid baths (LABs) 
produced colonies which were quite identical, making it difficult 
to differentiate each species.11 MRS agar encourages the growth 
of  the lactic acid bacteria including the species of: Lactobacillus, 
Streptococcus, Pediococcus and Leuconostoc genera which can produce 
lactic acid in considerable amounts, as shown in Figures 1 and 2. 
There is no medium yet available to particularly culture only the 
Lactobacilli. The isolated bacteria were observed through compound 
microscope. As shown in Figure 3, the gram staining results of  
all six samples indicated different types of  morphologies and 
characteristics. Within the rod-shaped bacteria, different groups 
such as the diplobacillus and streptobacillus were also identified 
(such as Bacillus cereus).12 There were Pleomorphic, who have one 
or more forms depending on the phase of  the cell cycle during the 
bacterial cell growth. In addition to the strains, variability can occur 
as a result of  different growth conditions (medium composition, 
temperature and pH status). In that case the isolated bacteria 
could be assumed as Lactobacillus acidophillus, Lactobacillus bulgaricus, 
Lactobacillus mali or Lactobacillus yamanashiensis.13,14 The Gram-
negative bacteria identified as pink, short plump rods were assumed 
to be coliform bacterium. The coliform bacterium seems to survive 
despite inhibition and/or inactivation by the lactic acid bacteria 
present in the sample. Survival of  coliform bacterium in fermented 
dairy product depend on variable factors such as, on the species of  
the lactic acid bacteria that was used to prepare the product; strains 
of  sub-species level of  inoculums used; incubation temperature 
at which fermentation is carried out; amount and speed of  acid 
production; resulting pH; temperature at which the product is 
stored after fermentation; and composition of  the product. There 
is a high possibility that undesirable microorganisms including 
pathogenic ones may be introduced into the milk through earthen 
pot, food handlers, starter culture, etc. Coliform bacteria have a 
long history of  being used as microbial hygiene indicators in the 
U.S. dairy industry, dating back to 1914.15 A study conducted by 
Hervet and colleagues showed that a wide range of  dairy relevant 
G-bacteria indicated post pasteurization contamination and other 
hygiene issues, which can go undetected on coliform selective and 
differential media.16 The Lactobacilli was the fact that they were 
unable to produce endospores. Many times, endospores are seen 
in the Gram-stain if  they are present. None were observed in the 
Gram stain. To double check staining technique and to eliminate 
error, the bacteria should also be plated on MacConkey’s agar. The 
bacterial DNA were extracted out via two different methods which 
were the boiled cell method and CTAB (Cetyl-trimethyl ammonium 
bromide) method. The quality and yield of  the extracted DNA 

were evaluated using UV visible spectrophotometer at 260 nm 
and 280 nm. The quality of  DNA was determined by A260/A280 
ratio value. The DNA yield, in terms of  DNA concentration was 
calculated. In boiled cell method, sample A & sample F contained 
relatively high DNA concentration compared with CTAB method 
samples of  A and F. The DNA concentration of  samples B, C, 
D, E in boiled cell method represented relatively low DNA 
concentration compared with the CTAB method samples of  B, 
C, D, E. The overall beneficial average DNA concentrations were 
obtained by the CTAB extraction method. As shown in Figure 4, 
a comparably quality DNA was obtained by boiling cell method 
from sample A and F. The rest of  the boiled cell method samples 
(B, C, D, E) indicated the contamination of  protein. In CTAB 
method total samples signified contamination of  protein. The 
DNA concentration of  each sample was calculated by obtaining 
absorbance at 260 nm by spectrophotometry analysis. The CTAB 
method extracted DNA samples were implicated to polymerase 
chain reaction (PCR). The identification of  Lactobacillus genus was 
performed by genus specific PCR. The sequences of  the primers 
of, 5’-CTC AAA ACT AAA CAA AGT TTC-3’ was used as the 
forward primer and 5’-CTT GTA CAC ACC GCC CGT CA-3’ 
was used as the reverse primer.17 Agarose gel electrophoresis was 
conducted for both boiled cell method and CTAB DNA extraction 
methods. In boiled cell method samples of  A and F represented 
with bands. In CTAB method, samples A, B, C, D, E except F 
represented with bands. In sample D, a majority of  G-short, plump 
rod bacteria were observed along with G+ rods in chains. The PCR 
technique is highly sensitivity and specificity because of  the use of  
genus specific primers for amplification, which in turn increases the 
probability of  amplification of  any single genus Lactobacillus by the 
genus specific primers (Lacto-F/Lacto-R), that are complementary 
to the DNA region targeted for amplification under specific 
thermal cycling conditions. All the Lactobacillus strains used in this 
study were positive to the Lactobacillus genus specific primer set 
while other bacteria proved to be negative. Therefore, this primer 
set proved to be highly specific even when it was used for DNA 
extracted from complex microbial communities (CMC), which 
is full of  mixed bacteria, fragmented DNA and PCR suppressor 
proteins. Under the described PCR conditions, the five different 
samples of  Lactobacillus spp. generated the expected PCR product at 
molecular weight of  216 bp (base pair). The PCR assays need to be 
optimized and standardized prior to any valid testing, especially to 
detect microflora in highly mixed complex environments, CMC.18 
Dairy processors across the world test for the presence of  different 
gram-negative bacteria (Enterobacteriaceae family & coliform group) 
and hygiene indicators to assess the quality of  their finished 
products. They evaluate sanitation practices at the processing-level 
and detect instances of  post-pasteurization contaminations.16

 Antibiotic susceptibility was evaluated by disk diffusion 
and PCR based resistance genes tet(M) and erm(B). In disk diffusion 
method, samples of  A, D and E demonstrated resistance to the 
antibiotic erythromycin, tetracycline and vancomycin. These 
samples did not indicate any resistance to ampicillin. Samples B 
& C did show some resistance to antibiotics but it was difficult 
to determine to which antibiotics they were resistant, based on 
the inhibitory zones. It was observed that certain antibiotics were 

35 Original Research | Volume 4 | Number 1|

http://dx.doi.org/10.17140/VROJ-4-115


Priyadarshana RMA et al

Vaccin Res Open J. 2019; 4(1): 30-37. doi: 10.17140/VROJ-4-115

highly resisted by Lactobacillus. It can be assumed that it is due to 
high resistance that large inhibitory zones overlapped in the same 
plate. The range of  the diameter of  the zones of  all antibiotics 
against the isolates were given. Inhibition-zone diameters were 
measured in millimeters in which a diameter of  zone >20 mm was 
referred as sensitive while a diameter ≤14 mm was considered as 
resistant.19 Both tet(M) & erm(B) antibiotic resistance genes were 
detected in sample E. The samples B, C and D had resistant genes 
to erm(B).

CONCLUSION

This study demonstrated a wide range of  resistance among 
Lactobacillus isolates. The increased use of  fermented food 
products and probiotics as food supplements and health-
promoting products, contain massive amounts of  bacteria acting 
as either donors and/or recipients of  antibiotic resistant genes in 
the human GI tract. They also contribute to the emergence of  
antibiotic-resistant strains. From a safety point of  view, when a 
bacterial strain demonstrates the resistance to antimicrobials by 
phenotypic methods, it is enviable to monitor the molecular basis 
of  this resistance. In this regard, the performance of  antimicrobial 
susceptibility testing might be considered as an essential selection 
criterion for probiotic cultures and an effective guide for specific 
antimicrobial therapy. Subsequently, strict quality control measures 
and the proper characterization and maintenance of  starter culture 
strains during the production of  fermented and pharmaceutical 
products are mandatory.

FURTHER WORK

1. The conventional culture-based methods are time consuming. 
Hence a new technique of  immuno-magnetic separation can be 
applied to increase the specificity of  the culture method. This 
technique specifically separates the target organism from other 
organisms. This thereby results in a useful sample for PCR with 
little or no nonspecific DNA and interfering factors.
2. Since the conventional microbial detection method consumes 
large amount of  time (more than 48 hours) to identify the organism. 
The present study can be focused on using new and alternative 
molecular methods such as biosensor-based methods for detecting 
low concentrations of  the organisms in a short amount of  time. 
These methods have high sensitivity and high specificity.
3. Apart from microscopic observation all the samples are subjected 
to the biochemical tests on the basis of  carbohydrate fermentation 
test, motility test, catalase and oxidase test to identify the bacterial 
isolates.
4. The gram staining procedure should be conducted by taking 
multiple colonies from the same sample or conducted by preparing 
multiple slides in the same sample for microscopic analysis.
5. For purifying DNA/RNA binding proteins, purification steps 
should implicate to obtain the quality DNA.
6. The PCR assays need an optimization and standardization prior 
to any valid testing, especially for detecting microflora in highly 
mixed complex environments, complex microbial communities.
7. Multiplex PCR (mPCR) is a rapid technique utilized in the 
rapid determination, in contrast with sole PCR, by the instant 

amplification of  many genetic factor targets. Multiplex PCR can 
distinguish up to five or more microorganisms parallel. mPCR 
will assist in the identification of  numerous species, together with 
Lactobacillus spp.

ETHICAL CONSIDERATIONS

This research was carried out in order to analyze the antibiotic 
resistance of  the probiotic bacteria found in commercial food 
products. Probiotics are live microorganisms that confer nutrition 
and health promoting benefits on the host. Since probiotic 
bacteria act as a reservoir for antibiotic resistant determinants, 
they can confer the pathogens’ protection against commonly used 
drugs. The samples used for this study were curd samples and the 
antibiotics used to test the antibiotic resistance were tetracycline, 
erytthromycin, vancomycin and chloramphenicol. The samples 
were cultured under the appropriate conditions. Bacterial DNA 
extraction was carried using heat shock method and CTAB method. 
The DNA concentration was measured. The bacterial isolates were 
identified using genus specific PCR primers in the conventional 
PCR. Agarose gel electrophoresis was carried out to visualize 
the PCR products. Disc diffusion was carried out to detect the 
antibiotic resistance for the selected antibiotics. This project was 
solely carried out by myself  and my co-author. All the tests were 
performed at BMS, School of  Science, Sri Lanka. All laboratory 
rules and regulations were abided. Safety precautions were taken 
at all times when working in the laboratory. All the chemical and 
biological waste products were disposed appropriately. After 
the tests, used equipment were washed, cleaned and autoclaved 
appropriately. In this project no human tissues or clinical products 
were used. Commercially sensitive data was not revealed. All the 
data collected was confidentially retained by myself  and reserved 
by my co-author.
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