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  Abstract   The role of infectious agents such as bacteria, viruses, fungi etc. has been 
of interest for many years. Many studies have linked chronic bacterial infection with 
subsequent development of cancer at a number of different sites in the body. 

 Most cancers have a multifactorial aetiology with a number of different steps 
between the normal and the malignant cell. One example of this is stomach cancer 
where it has been postulated that bacteria play a role at a number of stages but will 
also be true of cancers at other sites. 

 This chapter summarises those situations where cancers occur as a possible result 
of bacterial infection and covers oesophageal, stomach, colorectal, gallbladder, 
pancreatic, bladder and lung cancer.  

  Keywords   Bacteria  •  Bacterial infections  •  Cancer  •  Epidemiology  •  Esophagus  
•  Stomach  •  Colon  •  Rectum  •  Gallbladder  •  Pancreas  •  Bladder  •  Lung  •  Review  
•  Cancer prevention  •  Infection      

    1.1   Introduction    

 It has been postulated that over 80% of cancers are caused by environmental factors 
(Higginson  1968  )  many of which factors are non-infectious such as diet and exposure 
to radiation. However the number of cancers caused by infectious agents is likely to 
rise with further research; for example until recently, it was thought that the acidic 
conditions of the stomach resulted in a sterile environment whereas in relatively 
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recent times one of the most important infectious agents found to increase the risk 
of cancer,  Helicobacter pylori  was identifi ed (Eslick  2010  ) . Currently, more than 
20% of cancer have been postulated to be linked to infectious agents (zur Hausen 
 2009  ) . Of these, the majority of the causative agents are viruses, which make up 
nearly two thirds of the infectious causes (human papilloma virus linked to squamous 
cell carcinoma of the ano-genital region and nasopharynx, Epstein Barr virus linked 
to Burkitt’s lymphoma and hepatitis B and C viruses linked to hepatocellular 
carcinoma) (zur Hausen  2009  ) . Smaller numbers of tumours are related to infections 
from human herpes virus, liver fl ukes and schistosomes (Parkin  2006  ) . Additionally, 
immuno-suppression caused iatrogenically, in patients with autoimmune disease 
and organ transplants, but also by HIV and HTLV results in higher rates of Kaposi’s 
sarcoma, lip, vulval and penile cancers as well as non-Hodgkin’s lymphoma 
compared to non-immuno-compromised subjects. Rates of salivary gland, eye, 
tongue, thyroid and cervical cancer are also higher than in non immuno-compromised 
controls (Ruprecht et al.  2008  ) . 

 Overall, if the infectious causes of cancer were prevented there would be 
26.3% fewer cancers in developing countries and 7.7% in developed countries 
(Parkin  2006  ) . 

 The major bacterial cause of human cancer is  Helicobacter pylori . This organism 
was classifi ed as being carcinogenic for humans in 1994 (IARC Working Group 
 1994  ) . It is causally associated with gastric carcinoma and gastric lymphoma as 
well as a number of other malignancies (Wu et al.  2009b  ) .  Helicobacter pylori  
infection is generally acquired during childhood, with a gradual increase in preva-
lence towards middle age (Parkin  2006 ; Robins et al.  2008  ) . Its prevalence varies 
globally and in some countries is greater than 75% with overall prevalence of 74% 
in developing countries and 58% in developed countries (Parkin  2006  ) . This organ-
ism has been implicated in one third of cancers caused by infective agents (including 
virus-caused cancers) and is found in 80% of patients with gastric cancer (zur 
Hausen  2009  ) . In 2002, there were estimated to be 592,000 cases of gastric adeno-
carcinoma and 11,500 cases of gastric lymphoma attributable to  Helicobacter pylori  
(Parkin  2006  ) . 

 There are a huge number of bacteria living symbiotically with the human host 
(10 15  in the alimentary tract fl ora (Ouwehand and Vaughan  2006  ) ) and their pres-
ence is crucial for normal human physiological function. 

 The effects of bacteria are not ubiquitously harmful and the dichotomy of 
bacterial protection versus harm is illustrated by the relative protective effects of 
 Helicobacter pylori  infection of the stomach with regards to reduction of oesophageal 
cancer, but increased risk of gastric adenocarcinoma and lymphoma (Nakajima and 
Hattori  2004  ) . Colonisation by bacterial species does not indicate a true infection 
and bacteria may colonise the abnormal host environment around a tumour. 
Additionally, some bacterial toxins have been used in anti-cancer therapy as 
chemotherapeutic agents (Patyar et al.  2010  ) .  
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    1.2   Oesophageal Cancer 

 The two major types of oesophageal cancer, squamous cell carcinoma and adeno-
carcinoma have different aetiologies. Squamous cell carcinoma develops most fre-
quently in patients who smoke and have high alcohol intake or long standing 
achalasia. Adenocarcinoma is associated with gastro-oesophageal refl ux and colum-
nar metaplasia (“Barrett’s oesophagus”) (Allum et al.  2002  ) . 

 The oesophageal mucosa is continuously bathed in swallowed saliva and food 
boluses have a rapid transit time due to the organ’s coordinated peristalsis and 
appropriate lower oesophageal sphincter relaxation minimising the contact time of 
carcinogenic agents with the organ. In normal subjects a small volume of gastro-
oesophageal refl ux occurs with low frequency, however in patients with defective 
antirefl ux mechanisms and inadequate lower oesophageal muscular clearance, the 
lower oesophagus may be bathed in swallowed boluses and gastric contents for 
more prolonged periods (Gatenby and Bann  2009  ) . The highest risk of oesophageal 
adenocarcinoma is seen in patients with the most frequent and prolonged refl ux 
symptoms (Lagergren et al.  1999  )  and those with metaplastic columnar-lined 
oesophagus (Barrett’s oesophagus) which has an annual incidence of adenocarci-
noma of 0.69% per annum (Gatenby et al.  2008  ) . 

 There has been a worldwide increase in the incidence of oesophageal cancers 
over the last 50 years, the oesophagus being the eighth commonest site of primary 
carcinoma in 2000 (Parkin  2001  ) . This increase has been demonstrated specifi cally 
in the United Kingdom (Newnham et al.  2003 ; Kocher et al.  2001 ; Powell and 
McConkey  1992 ; Johnston and Reed  1991 ; McKinney et al.  1995  )  as well as in 
other countries (Ries et al.  2004 ; Daly et al.  1996 ; Liabeuf and Faivre  1997 ; Tuyns 
 1992 ; Moller  1992 ; Hansen et al.  1997  ) . The histological type of these tumours has 
changed, from historically a strong predominance of squamous cell carcinomata 
(Bosch et al.  1979 ; Puestow et al.  1955 ; Turnbull and Goodner  1968 ; Webb and 
Busuttil  1978  )  to the present time, when adenocarcinomata comprise the majority 
of oesophageal tumours in the United States and United Kingdom (Gelfand et al. 
 1992 ; Putnam et al.  1994 ; Rahamim and Cham  1993 ; Chalasani et al.  1998 ; Johnston 
and Reed  1991 ; Devesa et al.  1998 ; Powell and McConkey  1992  ) . Furthermore, 
current trends are predictive of a continued rise in oesophageal cancer in the UK 
(Gatenby et al.  2011 ; Moller et al.  2007  )  which is likely also to be seen in other 
countries, especially those with high proportions of adenocarcinoma (Curado et al. 
 2007  ) . However globally, squamous cell carcinoma is still the predominant histo-
logical type (Curado et al.  2007  ) . 

 Swallowed bacteria from normal oral fl ora include  Streptococcus ,  Neisseria , 
 Veillonella ,  Fusobacterium ,  Bacteroides ,  Lactobacillus ,  Staphylococcus  and 
 Enterobacteriaceae  (Sjosted  1989  ) . A difference has been noted in the oesophageal 
fl ora in patients with oesophageal cancer compared to the normal oesophagus 
(Eslick  2010  )  and Barrett’s oesophagus compared to the normal oesophagus 
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(MacFarlane et al.  2007  ) . However it is likely that the majority of the changes in 
microbiological fl ora occurs due to opportunistic colonisation of the altered host 
environment of the cancer rather than earlier in the process of carcinogenesis as 
causative agents, with the exception of  Campylobacter concisus  and  Campylobacter 
rectus  which have been associated with the development of adenocarcinoma in 
patients with columnar metaplasia of the oesophagus via mutagenic effects including 
nitrite, N-nitroso and nitrous oxide mediated damage (MacFarlane et al.  2007  ) . 

  Streptococcus anginosus  infection has been found in 44% of oesophageal cancer 
tissue samples (Morita et al.  2003  ) , but a role in the development of cancer has not 
been demonstrated. 

  Treponema denticola , which is associated with gingivitis and periodontitis is 
frequently found in oesophageal cancer specimens. This was the most frequent organism 
found in resected oesophageal cancer specimens in one series (Narikiyo et al.  2004  ) . 

  Helicobacter pylori  infection results in stomach infl ammation and reduced gastric 
acid production and its eradication has been shown to increase refl ux oesophagitis 
and metaplastic columnar-lined oesophagus (Labenz et al.  1997 ; Corley et al.  2008  ) . 
The EUROGAST group has demonstrated that the ratio of cases of squamous cell 
carcinoma of the oesophagus: adenocarcinoma of the oesophagus is higher in cen-
tres with higher population prevalence of  Helicobacter pylori  infection (14 centres 
total), but that the strain of  Helicobacter pylori  did not have a clear relationship with 
histological type (Robins et al.  2008  ) . The FINBAR study demonstrated that the 
rate of  Helicobacter pylori  positivity was lower in patients with refl ux oesophagitis 
(42.4% positive), Barrett’s oesophagus (47.4% positive) and adenocarcinoma 
(51.9% positive) compared to control subjects (59.3% positive). Cag A positivity 
(the strain most strongly associated with peptic ulcer disease and development of 
gastric tumours) was lower in Barrett’s oesophagus and oesophageal adenocarci-
noma patients than in patients with refl ux oesophagitis or control subjects. When 
the oesophageal cancer group was divided into those with true oesophageal tumours 
to tumours at the oesophagogastric junction, rates of  Helicobacter pylori  and the 
Cag A strain were similar in patients with junctional tumours and control subjects, 
but lower in true oesophageal tumours (Anderson et al.  2008  ) . 

 Three meta-analyses have been published on the relationship between 
 Helicobacter pylori  infection and the Cag A strain in the last 4 years. Rokkas et al. 
 (  2007  )  demonstrated an odds ratio of 0.52 (95% confi dence interval 0.37–0.73) for 
 Helicobacter  positive compared to negative patients in development of adenocarci-
noma (with similar fi ndings for  Helicobacter  positivity and Barrett’s oesophagus). 
The odds ratio for Cag A positive  Helicobacter pylori  and development of adeno-
carcinoma was 0.51 (95% confi dence limits 0.31–0.82). There was no signifi cant 
relationship between  Helicobacter pylori  positivity and squamous cell carcinoma 
(odds ratio 0.85, 95% confi dence limits 0.55–1.33). Zhuo et al .   (  2008  )  demonstrated 
that in 12 case-control studies, the odds ratio for development of oesophageal ade-
nocarcinoma (9 studies, 684 cases oesophageal adenocarcinoma and 2,470 controls 
of which 259 cases and 1,287 controls were  Helicobacter pylori  positive) with 
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 Helicobacter pylori  infection was 0.58 (95% confi dence interval 0.48–0.70) and for 
squamous cell carcinoma (5 studies, 644 cases squamous cell carcinoma and 2,021 
controls of which 355 cases and 1,150 controls were  Helicobacter pylori  positive) 
was 0.80 (95% confi dence interval 0.45–1.43). For the Cag A strain-infected sub-
jects compared to non-Cag A strain-infected subjects the odds ratio for development 
of adenocarcinoma was 0.54 (95% confi dence interval 0.40–0.73) and the odds ratio 
for development of squamous cell carcinoma was 1.20 (95% confi dence interval 
0.45–3.18) (Zhuo et al.  2008  ) . Islami and Kamangar  (  2008  )  demonstrated that in 
their meta-analysis of 13 studies (840 cases and 2,890 controls) that infection with 
the  Helicobacter pylori  was associated with reduced risk of oesophageal adenocar-
cinoma odds ratio 0.56 (95% confi dence interval 0.45–0.69). The effect was also 
seen in the single study undertaken in a non-Western country (Iran), (but the result 
of this small study just fell short of statistical signifi cance). The odds ratio of devel-
opment of oesophageal adenocarcinoma with the Cag A strain was 0.56 (95% con-
fi dence interval 0.46–0.68) and no difference was seen between  Helicobacter  
negative subjects and Cag A negative  Helicobacter pylori  positive subjects. No sig-
nifi cant effect was seen with squamous cell carcinoma (Derakhshan et al.  2008  ) . 

 A further large case-control study from Taiwan (where squamous cell carcinoma 
accounts for 95% of oesophageal cancers) has demonstrated that the odds ratio of 
 Helicobacter pylori  infection with squamous cell carcinoma of the oesophagus was 
0.470 (95% confi dence interval 0.340–0.648) and 0.375 (0.277–0.508) when com-
pared to two hospital control groups and 0.802 (95% confi dence interval 0.591–
1.089) compared to a community control group (Wu et al.  2009b  ) . 

 Within patients with established columnar-lined oesophagus there does not 
appear to be a difference in the risk of cancer development between those who had 
evidence of  Helicobacter pylori  infection and those who had not been infected 
(Ramus et al.  2007  ) . 

 Overall it is possible that the protective effects are secondary to  Helicobacter 
pylori  induced gastric atrophy and hypochlorhydria, both of which reduce acid 
exposure of the lower oesophagus (Blaser  2008  )  and the overall results demonstrate 
that infection with  Helicobacter pylori  and particularly the Cag A strain are associ-
ated with reduced risk of oesophageal adenocarcinoma development, but no clear 
effect is seen on the risk of squamous cell carcinoma development. 

 Eradication of  Helicobacter pylori  would subsequently be likely to increase the 
risk of oesophageal adenocarcinoma, but eradication also reduces the risk of gastric 
cancers. Using an algorithm based on data from a systematic review, Nakajima and 
Hattori  (  2004  )  estimated that in patients with atrophic gastritis (the macroscopic 
state most closely associated with development of gastric cancer), eradication of 
 Helicobacter pylori  would reduce the annual incidence of gastric adenocarcinoma 
by 5.9 times. The annual incidence of oesophageal cancer was modelled at 1% per 
annum with 16.5% of patients who had undergone eradication developing gastro-
oesophageal refl ux disease and 12% of these patients developing columnar metapla-
sia of the oesophagus. The overall risk of development of oesophageal 
adenocarcinoma was 0.18% per annum in patients who had undergone eradication. 
In the presence of atrophic gastritis and columnar metaplasia of the oesophagus, 
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there was still an overall benefi t seen in eradication with the combined incidence of 
gastric and oesophageal cancers being reduced from 1.4% to 1% per annum 
(Nakajima and Hattori  2004  ) .  Anand and Graham (1999)  estimated that the risk of 
development of oesophageal adenocarcinoma following  Helicobacter pylori  eradi-
cation was 10–60-fold lower than the risk of development of gastric adenocarci-
noma if eradication was not undertaken. 

    1.2.1   Viral, Parasitic and Fungal Infection 

 Expression of JC viral protein has been shown in a small study of oesophageal can-
cer cells, but not in normal oesophageal cells (where viral DNA was also found). 
The authors suggest that JC virus may have a role in oesophageal cancer develop-
ment (Del Valle et al.  2005  ) . Studies have not shown a relationship between Epstein 
Barr Virus infection and risk of oesophageal cancer (Eslick  2010  ) . 

 No studies have examined the role of human herpes simplex virus in oesophageal 
cancer development (Eslick  2010  ) . Human papilloma virus has been linked with 
squamous cell cancer of the oesophagus, with HPV 16 being the type most strongly 
associated and frequently studied (Eslick  2010  ) . 

 Chaga’s disease (protozoal infection with  Trypanosoma cruzi ) has been associ-
ated with both higher and lower rates of oesophageal cancer (Garcia et al.  2003 ; de 
Rezende et al.  1985  )  This occurs several decades after the initial infection with 
dysfunction of the nervous control of the gastrointestinal tract with development of 
a dilated mega-oesophagus with poor peristaltic function and oesophageal emptying 
(Matsuda et al.  2009  ) . However, there is a common fi nding of coinfection with 
 Helicobacter pylori  (Barbosa et al.  1993 ; de Rezende et al.  1985 ; Eslick et al.  1999 ; 
El-Omar et al.  2000  )  and the overall number of cancers caused by this protozoan is 
likely to be small compared to the effects of  Helicobacter pylori  infection on 
oesophageal cancer development. 

 The data on fungal causes of oesophageal cancer are largely circumstantial, with 
linkage of several mycotoxins to oesophageal cancer, but no good epidemiological 
studies (Eslick  2010  ) .   

    1.3   Gastric Cancer 

 A hypothesis for the sequence of changes that lead from normal gastric mucosa to 
gastric cancer was fi rst proposed by Correa et al.  (  1975  ) . Although this sequence 
has since been added to and changed, the essential hypothesis (shown in Fig.  1.1 ) 
remains the same. Bacterial colonisation/infection would appear to play a role by 
two different pathways. One pathway is normal mucosa progressing to gastric 
atrophy, at which stage the stomach would become hypochlorhydric resulting in 
chronic bacterial colonisation, and the production of N-nitroso compounds. The other 
pathway is as a result of  Helicobacter pylori  infection.  
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    1.3.1    Helicobacter pylori  Infection 

  Helicobacter pylori  is a gram-negative bacterium which colonises gastric epithe-
lium. It has evolved the ability to overcome the highly acidic environment of the 
stomach by metabolising urea to ammonia, thus generating a neutral environment 
(Wroblewski et al.  2010  ) .  Helicobacter pylori  infection is associated with low 
socioeconomic status and crowded living conditions, especially in childhood 
(Malaty and Graham  1994  ) . Approximately half the world’s population is infected 
(with most children in developing countries being infected by the age of 10) (Smith 
and Parsonnet  1998  )  with the majority of these developing coexisting chronic 
infl ammation (Wroblewski et al.  2010  ) . In contrast, in developed countries, infec-
tion in children is uncommon and only 40–50% of adults are affected. There is a 
clear age-related increase in prevalence which is probably due to a cohort effect 
in that, H.  pylori  infection in childhood was more common in the past than it is 
today (Parsonnet et al.  1992 ; Banatvala et al.  1993  ) . The route of transmission of 
 Helicobacter pylori  remains controversial with circumstantial evidence suggesting 
it probably occurs through person to person transmission. 

Normal Gastric Mucosa

Dietary factors
Disruption of neuronal

control and pylorus
Increasing age

Gastric Atrophy Bacterial Colonisation 

Helicobacter pylori

Chronic inflammation

Chronic atrophy

Intestinal Metaplasia

Production of
N-nitroso

compounds

Dysplasia

Gastric carcinoma

  Fig. 1.1    The pathogenesis of gastric cancer       
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 Studies comparing rates of  Helicobacter pylori  infection in different populations 
with rates of gastric cancer in the same populations have mostly correlated well 
(Forman et al.  1993  ) . In addition, as  Helicobacter pylori  infection has declined over 
time so has the rate of gastric cancer incidence (Parsonnet et al.  1992 ; Banatvala 
et al.  1993  ) . It is considered that the gastric infl ammatory response due to colonisa-
tion by  Helicobacter pylori  is the single strongest risk factor for peptic ulceration 
and gastric cancer. However only a fraction of those colonised go on to develop 
cancer (Peek et al.  2010  ) . 

 Retrospective studies should be viewed with caution in view of the hypothesis 
that the cancerous stomach may lose its ability to harbour  Helicobacter pylori  
(Osawa et al.  1996  )  but evidence from 2 meta-analyses of all case-control studies 
(Huang et al.  1998 ; Eslick and Talley  1998  )  indicate a 2-fold increase in the risk of 
gastric cancer in instances of  Helicobacter pylori  infection. 

 Prospective case-control using stored serum from populations, and thus knowing 
that infection by  Helicobacter pylori  preceded gastric cancer, has provided more 
concrete evidence of a link (Parsonnet et al.  1991 ; Forman et al.  1991 ; Lin et al. 
 1995 ; Siman et al.  1997  ) . It has also been shown that in those infected with 
 Helicobacter pylori , and followed up for a period of 10 years or more, risk of gastric 
cancer was increased 8-fold (Forman et al.  1994  ) . 

 In a recent review of  Helicobacter pylori  infection and gastric cancer in the 
Middle East, Hussein  (  2010  )  reported that although  Helicobacter  infection rates in 
childhood were high, gastric cancer rates differ markedly from very high in Iran 
(26.1/100,000) to low in Israel (12.5/100,000) and very low in Egypt (3.4/100,000). 
Atherton  (  2006  )  concluded that  H. pylori  infection, distribution of virulence factors, 
diet and smoking could not explain the differences in gastric cancer rate even taking 
into account the accuracy of the data due to differences in diagnostic methods, limi-
tations in medical services etc. 

 Whether eradication of  Helicobacter pylori  is an effective strategy for prevention 
of gastric cancer is still controversial (Selgrad et al.  2010  ) . Some studies show this 
to be the case (Malfertheiner et al.  2005 ; Fry et al.  2007  )  but others do not (De Vries 
and Kuipers  2007  ) . The effectiveness of  Helicobacter pylori  eradication as a means 
of protection against gastric cancer is dependant on the extent of preneoplastic 
changes (gastric atrophy, intestinal metaplasia etc.) at the time (Selgrad et al.  2010  ) . 
Wu et al.  (  2009a  )  reported that the earlier  Helicobacter pylori  is eradicated after 
peptic ulcer disease, the smaller the risk of gastric cancer. Development of a vaccine 
to be used as primary prevention, especially with infant vaccination was discussed 
(Selgrad et al.  2010  ) .  

    1.3.2   Chronic Bacterial Overgrowth of the Stomach 

 The normal stomach is acidic with a pH of 2. However in certain pathological 
conditions such as pernicious anaemia (caused by a lack of intrinsic factor and thus 
a failure to secrete gastric acid) and surgery for peptic ulcer, or as part of the ageing 
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process, the gastric pH may rise to 4.5 or above on a permanent basis. This would 
result in chronic bacterial overgrowth of the stomach. 

 In the case of peptic ulcer, the aim of surgical treatment, either by gastrectomy or 
by vagotomy, was to decrease acid secretion in order to allow the ulcer to heal. In 
the case of gastrectomy the lower, acid secreting, part of the stomach was removed 
by a variety of procedures, and in vagotomy the vagal nerves, which control acid 
secretion, were severed. Both these procedures resulted in loss of gastric acidity 
within a year, and in both there was an increased risk of gastric cancer (Caygill et al. 
 1984,   1986  ) .  

    1.3.3   Pernicious Anaemia 

 An increased risk of gastric cancer had been reported in several series of pernicious 
anaemia patients (Blackburn et al.  1968 ; Brinton et al.  1989  ) . A study by Caygill 
et al.  (  1990  )  showed an overall 5-fold excess risk of gastric cancer in pernicious 
anaemia patients. It was not possible to ascertain the onset of pernicious anaemia 
accurately from patients records as it may be present for some years before diagno-
sis, therefore the period after diagnosis was divided into 0–19 years and 20+ years 
and it was found that the excess risk of gastric cancer was 4-fold in the fi rst time 
period and 11-fold in the second time period.  

    1.3.4   Surgery for Peptic Ulcer 

 Table  1.1  is a summary of cohort studies which have shown an increased risk of 
gastric cancer in peptic ulcer patients who have undergone surgery to remove the 
ulcer, or in the case of vagotomy to stop secretion of stomach acid. In the study by 
Caygill et al.  (  1986  ) , cancer risk for those undergoing a gastrectomy for gastric 
ulcer was analysed separately from those who had the operation for duodenal ulcer. 
The risk was analysed by time interval. They found that in the case of duodenal 
ulcer there was a decrease in risk in the fi rst 19 years followed by an increase in risk 
thereafter. In contrast in the gastric ulcer patients there was a 3-fold increase in 
risk immediately after, and presumably prior to surgery, and this rose to over 5-fold 
20 or more years after surgery. The pattern of an initial decrease in risk in those 
operated for duodenal ulcer has been confi rmed by Arnthorsson et al.  (  1988  ) , Moller 
and Toftgaard  (  1991  ) , Lundegardh et al.  (  1988  )  and Eide et al.  (  1991  ) . This differ-
ence in behaviour between duodenal ulcer and gastric ulcer patients needs to be 
rationalised. It was hypothesised that prior to surgery duodenal ulcer patients would 
have good acid secretion and the effect of surgery would be to induce hypochlohy-
dric within a year of surgery. On the other hand many gastric ulcer patients would 
be hypochlorhydric for varying number of years prior to the operation.   
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    1.3.5   Possible Mechanism for Gastric Carcinogenesis 
in Instances of Hypochlorhydria 

 The histopathological seqence from the normal to the neoplastic stomach proposed 
by Correa et al.  (  1975  )  and reviewed by Correa  (  1988  )  has been generally accepted. 
They postulated that the fi rst stage, gastric atrophy, progresses to chronic atrophic 
gastritis. Atrophic gastritis is at increased risk of developing intestinal metaplasia 
which in turn carries an elevated risk of progressing through increasingly severe 
dysplasia to cancer. It was suggested that this progression was a result of the action 
of carcinogenic N-nitroso compounds. Gastric atrophy results in the loss of gastric 
acid secretion allowing bacterial colonisation of the stomach. The bacteria react 
with nitrate, present in many foods and in drinking water, and convert it to nitrite. 
The nitrite further reacts with nitrosatable amines to form a variety of N-nitroso 
compounds. If this hypothesis is correct then the loss of gastric acidity, with conse-
quent chronic bacterial overgrowth, from any cause (surgical, metabolic, clinical, 
genetic or environmental) should, after a latency period of 20 years or more, lead 
to an increased risk of gastric cancer as has been shown in patients with pernicious 
anaemia and those undergoing gastrectomy or vagotomy (see Fig  1.1 ). This also 
offers an explanation for the difference in cancer risk in those operated on for a 
gastric ulcer or for duodenal ulcer. Gastric ulcer patients, as a result of their hypoa-
cidity prior to operation, will have bacterial overgrowth for variable lengths of time 
which would contribute to the latency period, whereas those with duodenal ulcer 
will only become hypochlorhydric after their operation, thus their increase in risk 
would only start to manifest itself 20 years later.   

   Table 1.1    Cohort studies examining gastric cancer risk following surgery for peptic ulcer   

 References  Study population ( n )  Excess risk  Latency (years) 

 Ross et al.  (  1982  )   779  None  19 
 Watt et al.  (  1984  )   735  3-fold  15 
 Tokudome et al.  (  1984  )   3,827  None  – 
 Caygill et al.  (  1986  )   4,466  4-fold  20 
 Viste et al.  (  1986  )   3,479  3-fold  20 
 Arnthorsson et al.  (  1988  )   1,795  2-fold  15 
 Lundegardh et al.  (  1988  )   6,459  3-fold  30 
 Offerhaus et al.  (  1988  )   2,633  5-fold  15 females 

  3 males 
 Toftgaard  (  1989  )   4,131  2-fold  25 
 (vagotomy cohort) 

Caygill et al.  (  1991  )  
 1,643  1.6  20 
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    1.4   Colorectal Cancer 

 As in many cancers the progression from the normal epithelium to malignancy is a 
multi-stage process. There are at least three distinct histological stages prior to 
malignancy and metastatic disease. These are adenoma formation, adenoma growth 
and increasingly severe dysplasia (Hill et al.  1978,   2001 ; Hill  1991  ) . The evidence 
for this was reviewed by Morson  (  1974  )  and Morson et al.  (  1983  ) . Benign adenomas 
are very common in both men and women in western populations and their preva-
lence has been found to be approximately 50% in males and 30% in females by the 
age of 70 in post mortem studies. Most are very small (around 3–5 mm) but some 
can be greater than 20 mm in diameter. The risk of fi nding malignant cells in a small 
adenoma is very small (less than 1 per 1,000 for those with a diameter less than 
3 mm) but high in those with a diameter greater than 20 mm (Morson et al.  1983  ) . 
Thus one of the most important steps in the adenoma-carcinoma sequence is ade-
noma growth. 

    1.4.1   Faecal Bacteria Present in the Colon 

 There are differences within the colon in subsite distribution of small adenomas, 
large adenomas and colorectal cancers. A very large number of postmortem studies 
have shown that small adenomas are evenly distributed around the colon and rectum 
whereas large adenomas and cancers are concentrated in the distal colon and rec-
tum, (Hill  1986  ) . The implication being that the causal agents are delivered via the 
vascular system; and indeed the colon lumen is a rich source of potential carcino-
gens, produced  in situ  by bacterial action on benign substrates (Caygill and Hill 
 2005  ) . Although not proved, this is consistent with the hypothesis that the factors 
causing adenomas to increase in size and in severity of epithelial dysplasia are lumi-
nal products of bacterial metabolism. There is further support for this by the fact 
that adenomas regress after diversion of the faecal stream.  

    1.4.2    Streptococcus bovis  

 Several  Streptococci  have been linked to chronic infections of the colon and 
subsequent increased risk of colorectal cancer (Kim et al.  2002 ; Siegert and 
Overbosch  1995  ) . An association between  Streptococcus bovis  and colorectal cancer 
was fi rst reported by Roses et al.  (  1974  )  and has been validated by more recent 
studies (Biarc et al.  2004 ; Gold et al.  2004  ) . The incidence of  Streptococcus bovis  
associated with colorectal cancer has been determined as being between 18% and 
62% (Zarkin et al.  1990  ) .  
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    1.4.3    E. coli  and Infl ammatory Bowel Disease 

 The intestinal fl ora in patients with infl ammatory bowel disease (Crohn’s disease 
and ulcerative colitis) differs from control subjects with increased  E. coli  (Martin 
et al.  2004  ) . These patients have a marked increase in rate of colorectal cancer 
development which is highest in those with chronic severe infl ammation (Munkholm 
 2003  ) . Small studies have demonstrated increased mucosa-associated and intramu-
cosal bacteria in Crohn’s disease (79% and 71% respectively) and colon cancer 
(71% and 57% respectively) compared to non infl amed controls (42% and 29% 
respectively), but no difference between controls and ulcerative colitis. These  E. 
coli  commonly expressed haemagglutinins (39% Crohn’s, 38% cancers, and 4% 
controls) and the resulting pro-infl ammatory cytokines may be implicated in car-
cinogenesis (Martin et al.  2004  ) .   

    1.5   Gallbladder Cancer 

 Cancer of the gallbladder has a very poor prognosis. The highest incidence is in the 
Andean countries of South and Central America and in American Indian groups 
(Misra et al.  2003  )  but is rare in Western countries. The etiology is not well under-
stood, but the major risk factor is the presence of gallstones which are involved in 
70–80% of cases (Lazcano-Ponce et al.  2001  ) . Risk factors include obesity, repro-
ductive factors and environmental exposure to certain chemicals (Lazcano-Ponce 
et al.  2001 ; Wistuba and Gazdar  2004  ) . 

 However, the major risk factors are those which involve chronic bacterial infec-
tion such are previous polya partial gastrectomy for peptic ulcer, gallstone carriage, 
chronic infection with  Salmonella typhi/paratyphi  and with  Helicobacter species . 

    1.5.1   Gallstones 

 Although it has been known for some years that gallstones are the most important 
risk factor for gallbladder cancer (Devor  1982 ; Zatonski et al.  1997 ; Randi et al. 
 2006  ) , the nature of this association is not clear. Gallstones are, however associated 
with bacterial infection of the gallbladder (England and Rosenblatt  1977  ) .  

    1.5.2   Polya Partial Gastrectomy 

 The routine treatment for persistent peptic ulcer, gastric or duodenal, was surgery 
using a variety of partial gastrectomy operations. These remove much of the lower 
part (including most of the acid secreting section) of the stomach. As a result, the 
stomach became hypochlorhydric attaining a pH of around 4.5. 
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 This is a perfect milieu for bacterial overgrowth and formation of N-Nitroso 
compounds (Hill  1996  )  which have been shown to be carcinogenic in all species in 
which they have been studied. Polya partial gastrectomy is associated with a 10-fold 
excess risk of gallbladder cancer with a 20 year latency period (Caygill et al.  1988  ) .  

    1.5.3   Infection with  Salmonella typhi/paratyphi  

 There is a growing body of evidence that typhoid carriers are at an increased risk of 
biliary tract cancer. The New York City Health Department conducted a very large 
case–control study of 471 registered carriers and 942 age- and sex-matched controls 
which showed that chronic carriers were six times as liable to die of hepatobiliary 
cancer as controls (Welton et al.  1979  ) . This fi nding has been confi rmed by others 
(Mellemgaard and Gaarslev  1988 ; Caygill et al.  1994 ; Nath et al.  1997,   2008 ; Shukla 
et al.  2000  ) . 

 Caygill and co-workers studied long-term cancer risk in two Scottish cohorts – 
one a cohort of 386 acute typhoid cases from a single outbreak which occurred in 
Aberdeen in 1964 and the other 83 typhoid carriers from a number of different out-
breaks (Caygill et al.  1994,   1995  ) . In case of acute infection in Aberdeen, there was 
neither excess risk for cancer of the gallbladder nor indeed for any other cancer. 

 In the cohort of patients with chronic infection there was an almost 200-fold 
excess risk of cancer of the gallbladder and an excess risk of cancer of the pancreas 
(Table  1.2 ).   

    1.5.4   Infection with  Helicobacter species  

  Helicobacter species  colonising the biliary tract have been associated with gallblad-
der cancer (Leong and Sung  2002 ; Kobayashi et al.  2005  ) . 

 There is no doubt that gallbladder cancer has a multi-factorial aetiology. Although 
a proportion of any risk may well be an individuals environmental and life style 
exposure, the most important risk factor appears to be exposure to chronic, but not 
acute bacterial infection.   

    1.6   Pancreatic Cancer 

 Cancer of the pancreas has a relative low incidence but a very poor prognosis even 
if diagnosed early and ranks eighth in a world listing of cancer mortality. International 
incidence rates vary in different countries, implying that environmental factors are 
important. Smoking is the best documented etiologic agent and accounts for approx-
imately about 25% of all cases. Little is known about dietary factors. The incidence 
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is strongly age dependent thus as the population of western countries ages we can 
anticipate an increasing number of cases (Lowenfels and Maisonneuve  2006  ) . 
Cancer of the pancreas is also linked with bacterial infection. 

    1.6.1   Surgery for Peptic Ulcer 

 Surgery for peptic ulcer with the resultant hypochlorhydria results in bacterial over-
growth of the stomach. The bacteria thus formed react with ingested nitrates in food 
and converts them to nitrites. This is the perfect milieu for the formation of N-nitroso 
compounds which are formed when nitrite and nitrosatable amines are present 
together. These highly reactive compounds which can combine with nitrosatable 
amines, also present in food, and form a range of nitrosamines (Caygill et al.  1984 ; 
Preussmann  1984  ) . Nitrosamines have been found to be carcinogenic in a number 
of animals (Pour and Lawson  1984  )  and are both species and target organ specifi c. 
This could well be the explanation for the fi nding of an excess risk for cancer of the 
pancreas after surgery for peptic ulcer (Caygill et al.  1987 ; Mack et al.  1986 ; Eide 
et al.  1991 ; Tersmette et al.  1990 ; Ross et al.  1982 ; Luo et al.  2007  ) , the excess risk 
being greater in gastric ulcer than in duodenal ulcer patients (Caygill et al.  1987  ) .It 
must be noted however that, Inokuchi et al.  (  1984  ) , Watt et al.  (  1984  )  and Moller 
and Toftgaard  (  1991  )  did not fi nd an excess risk of cancer of the pancreas in patients 
who had undergone operations for peptic ulcer.  

    1.6.2    Helicobacter species  Infection 

 In recent years there have been a number of studies investigating a possible associa-
tion between  Helicobacter species  infection and cancer of the pancreas.  Helicobacter 
species  ribosomal DNA was detected in the pancreas of 75% of pancreatic cancer 
patients (Nilsson et al.  2006  )  and  Helicobacter pylori  was found to be associated 
with an increased risk of pancreatic cancer in studies by Raderer et al.  (  1998  )  and 

   Table 1.2    Deaths from “cancer” in patients with chronic infection with typhoid/paratyphoid 
(Caygill et al.  1994  )    

 Site of cancer  ICD no  Observed (O)  Expected (E)  O/E  95% CI 

 Gallbladder  1,560  5  0.03  167*  (54–391) 
 Pancreas  157  3  0.37  8.1*  (1.7–23.7) 
 Colorectum  152–4  3  1.00  3.8  (0.6–8.8) 
 Lung  162  5  1.98  2.5  (0.8–5.9) 
 All neoplasms  140–208  20  7.80  2.6*  (1.6–4.0) 

   ICD  International Classifi cation of Disease,  O  observed,  E  expected 
 * P  < 0.001  
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Stolzenberg-Solomon et al.  (  2001  ) . A study by Risch et al.  (  2010  )  also found an 
association but only in individuals with non-O blood types. However studies by de 
Martel et al.  (  2008  )  and Lindkvist et al.  (  2008  )  could fi nd no such association. Luo 
et al.  (  2007  )  found a modest increased risk of pancreatic cancer in patients with 
gastric ulcer or gastric resection and hypothesised that colonisation of the corpus by 
 H. pylori , together with atrophic gastritis resulting in bacterial overgrowth and nit-
rosamine formation may contribute to pancreatic carcinogenesis.  

    1.6.3   Typhoid Carriage 

 In a study examining cancer risk in those infected with typhoid and in typhoid car-
riers, Caygill et al.  (  1994  )  found a large excess (23-fold) in cancer of the pancreas 
in a cohort of 83 typhoid carriers, not in 386 acute cases of typhoid who did not 
become carriers. The mechanism is uncertain, but pancreatic cancer has been asso-
ciated with bile refl ux from the common bile duct (Wynder  1975  ) .   

    1.7   Bladder Cancer 

 Industrial exposure to naphthylamines, benzidine and a range of aromatic amines, 
contained in chemical dyes, has long been known to be associated with cancer of the 
bladder and explained the reason why men in industrialised countries were most at 
risk. However, a proportion of bladder cancer cases do not have an industrial origin. 
Early anecdotal evidence suggested an excess risk of bladder cancer following 
chronic bladder infection and this was confi rmed by Radomski et al.  (  1978  ) . Bladder 
infections are very common, and often asymptomatic (Sinclair and Tuxford  1971  ) ; 
the data on cancer risk reported by Radomski et al.  (  1978  )  concerns chronic symp-
tomatic infection resistant to therapy, but many of his controls might have had 
asymptomatic bladder infections and so the magnitude of the excess risk would 
have been underestimated. 

 There is copious evidence that carcinogenic N-nitroso compounds are produced 
 in situ  in the bladder by infecting organisms, which is to be expected since the urine is 
the route of excretion of the substrates for N-nitroso compounds production – nitrate 
and nitrosatable amines. Thus Radomski et al.  (  1978  )  suggested that N-nitroso com-
pounds, produced by bacterial action on these substrates were the cause of the cancer. 

    1.7.1    Schistosoma haematobium  

 Bilharzial ( Schistosoma haematobium)  infection is a major risk factor for bladder 
cancer, and such infections are accompanied by a profuse secondary bacterial 
infection of the bladder. Hicks et al.  (  1977  )  showed strong evidence that the 
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bladder cancer associated with bilharzial infection was in fact due to the N-nitroso 
compounds produced by the secondary bacterial infection. This has been supported 
by others who have shown a similar association (El-Mawla et al.  2001 ; Bedwani 
et al.  1998 ; Saad et al.  2006  ) . Hicks et al.  (  1977  )  also produced evidence that the 
excess risk of bladder cancer in paraplegia was due to the same mechanism – 
N-nitroso compounds produced by a chronic bacterial infection of the bladder.  

    1.7.2   Tuberculosis 

 Increased bladder cancer risk has also been found amongst tuberculosis sufferers in 
Korea, a country where the prevalence of tuberculosis is particularly high (Kim 
et al.  2000  ) .   

    1.8   Lung Cancer 

 The major risk factor for lung cancer is smoking, however infection by a number of 
bacteria also has a role. 

    1.8.1   Pulmonary Tuberculosis 

 Before 1950 most TB patients died when relatively young, thus any risk of lung 
cancer would not have became manifest. It was not till TB treatment was suffi -
ciently successful to give the patient a reasonable life-expectancy that the associa-
tion was noted. Indeed, as a result of early studies there was a theory (Rokitansky 
 1854  )  that the two diseases were antagonistic. Since then there have been numer-
ous reviews of the association between tuberculosis and subsequent lung cancer. 
Aoki  (  1993  )  reviewed the epidemiological studies between 1960 and 1990 and 
confi rmed that patients with active pulmonary tuberculosis have an excess risk of 
dying of lung cancer even though they already had a high mortality from tubercu-
losis. The excess was 5–10-fold depending on age, and was greater in women than 
in men. Patients with active disease were the most likely to develop lung cancer 
and he also found that they also had an excess risk of other cancers such as colon, 
lymphoma, myeloma etc. 

 The mechanism for the association is not clear, and there are no good hypothe-
ses to explain it. Attempts to stimulate the immune system in animal with BCG 
resulted in an increased, rather than decreased, cancer risk (Martin et al.  1977  ) . 
This may explain the reason for the increased risk of cancer at distant sites seen by 
Aoki  (  1993  ) .  
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    1.8.2    Chlamydia pneumonia  

 There have been a number of reports of a connection between lung cancer and infec-
tion with  Chlamydia pneumonia  (Laurila et al.  1997 ; Kocazeybek  2003 ; Littman 
et al.  2004  ) . However accurate assessment of past  Chlamydia pneumonia  infection 
is diffi cult as there is no serological test to specifi cally identify persons with chronic 
infection (Littman et al.  2005  ) . 

 In  2010 , Chaturvedi et al. evaluated the relationship of  Chlamydia pneumoniae  
infection with prospective lung cancer risk using serologic markers for both chronic 
and acute Chlamydial infection and concluded that chronic infection 2–5 years 
before was associated with an increased risk of lung cancer. They highlight the 
potential for lung cancer reduction through treatments targeted towards  Chlamydia 
pneumoniae  infections.  

    1.8.3    Helicobacter pylori  Infection 

 Lung cancer has been associated with  Helicobacter pylori  infection in a number of 
studies (Gocyk et al.  2000 ; Ece et al.  2005 ; Zhou et al.  1992  ) , however Philippou 
et al.  (  2004  )  found no such association. The mechanism is unknown but  Helicobacter 
pylori  may contribute by upregulating gastrin and COX-2 thus stimulating tumour 
growth. Also increased plasma gastrin concentrations may increase the risk of lung 
cancer by inducing proliferation of mucosal cells in the bronchial epithelium 
(Kanbay et al.  2007  ) .   

    1.9   Conclusion 

 Bacteria play a signifi cant role in the aetiology of cancer development, but less than 
viral infection. The strongest association has been seen in gastric cancer with 
 Helicobacter pylori  and this bacterium has been associated with the development of 
other tumours as well as having an inverse association with the development of 
oesophageal cancer. Chronic infection with ongoing insult from the infecting bacte-
rium has been most strongly demonstrated with typhoid infection and also 
 Helicobacter pylori.  Eradication of bacterial agents which are causes of cancer may 
result in a reduction in one quarter of cancers in developing countries and a smaller 
proportion in developed countries.      
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  Abstract    Helicobacter pylori  ( H. pylori ) is a gram-negative bacterium that 
chronically infects the stomach of more than 50% of the human population and 
represents a major cause of gastric cancer, gastric lymphoma, gastric autoimmu-
nity and peptic ulcer diseases. The International Agency for Research on Cancer 
classifi es  H. pylori  as a human carcinogen for gastric cancer. Eradicating the bac-
terium in high-risk populations reduces the incidence of gastric cancer. Likewise, 
antibiotic treatment leads to regression of gastric mucosa-associated lymphoid 
tissue lymphoma. Gastric infl ammation induced by  H. pylori  is the main singular 
risk factor for gastric malignancies. This chapter outlines the bacterial and host 
factors involved in the genesis of gastric cancer and gastric lymphoma. Treatment 
options for patients with an advanced gastric malignancy are still limited, but the 
introduction of an effective vaccine will be the best tool for preventing both 
 H. pylori  infection, gastric cancer and gastric lymphoma.  
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   Abbreviations 

  AIG    Autoimmune gastritis   
  BER    Base excision repair   
  BMDC    Normal bone marrow stem cells   
  EGFR    Epithelial Growth Factor Receptor   
  GC    Gastric Cancer   
  HbEGF    Heparin-binding EGF-like growth factor   
  HP     Helicobacter pylori    
   IFNGR     Interferon gamma receptor   
  IL-1 b     Interleukin-1 beta   
  KO    Knockout   
  LPS    Lipopolysaccharide   
  MALT    Mucosa-associated lymphoid tissue   
  MALToma    MALT lymphoma   
   MBL2     Mannose binding lectin-2 gene   
  mmP1    matrix metalloproteinase 1   
  MMR    Mismatch repair pathway   
  mtDNA    mitochondrial DNA   
  NFAT    Nuclear factor of activated T cells   
  NoD1    Nucleotide-binding oligomerization domain-containing protein 1   
  omP    outer membrane proteins   
  Pi3K    Phosphotidyl inositol 3 kinase   
  PTPRZ1    Protein receptor-type tyrosine protein phosphatase- z    
  ROS    Reactive oxygen species   
  SHP-2    Src homology 2 domain–containing tyrosine phosphatase 2   
  T4SS    Type 4 Secretion system   
  TLR    Toll-like receptor   
  TNF    Tumour Necrosis Factor   
  TPM    Tyrosine phosphorylation motifs   
  TRAIL    TNF-related apoptosis-inducing ligand   
  VNTR    Variable number of tandem repeats         

    2.1   Introduction 

 Gastric cancer (GC) is currently the second leading cause of death due to cancer 
worldwide, with high incidence in China, South America, Eastern Europe, Korea, 
and Japan (Yao et al.  2003  ) . Surgical tumour resection remains the primary curative 
treatment for gastric cancer. Nevertheless, the overall 5-years survival rate remains 
poor, ranging between 15 and 35%. Among patients who relapse after curative sur-
gery, the 87% have locoregional recurrences (Roukos and Kappas  2005  ) . These 
facts have prompted many studies addressing surgical issues, as well as exploring 
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the role of adjuvant and neoadjuvant treatments, such as perioperative chemotherapy, 
which is associated with a 5 years overall survival benefi t in 13% cases for stages 
II or III operable GC patients (Cunningham et al.  2006  ) . Despite the improvements 
in GC management, estimated cure rates for patients with advanced stages remain 
poor throughout the world (Liakakos and Roukos  2008  ) . These data highlight the 
urgent need of new therapeutic strategies to combat GC, such as Epithelial Growth 
Factor Receptor (EGFR) inhibitors (Vanhoefer et al.  2004  ) , anti-angiogenetic agents 
(Shah et al.  2006  ) , apoptosis promoters (Ocean et al.  2006  )  and specifi c immuno-
therapy (Elkord et al.  2008 ; Amedei et al.  2009  ) . The mechanisms that account for 
the observed geographic and temporal incidence patterns have not yet been estab-
lished and a number of factors are known to suppress or promote gastric cancer 
(Saikawa and Kitajima  2009  ) . The intake of fruits and vegetables have a protective 
role, as well as modern food processing and storage, that had reduced both spoilage 
and the use of salt-curing and pickling also found to be protective for gastric cancer. 
Several gastric cancer promoting factors have been defi ned, such as natural carcino-
gens or precursors (nitrates in food), carcinogens produced during the grilling of 
meats, and other carcinogens are synthesized from dietary precursors in the stom-
ach.  Helicobacter pylori  ( H. Pylori ) infection is the major GC-promoting factor. In 
1994, the International Agency for Research on Cancer declared  H. pylori  to be a 
type I carcinogen, or a defi nite cause of cancer in humans (IARC Working Group 
 1994  )  and epidemiological studies have determined that the attributable risk for 
gastric cancer conferred by  H. pylori  is approximately 75% (Parkin  2006  ) . If this is 
accurate,  H. pylori  would be responsible for as many as 5.5% of all cancers, making 
it the leading infectious cause of cancer worldwide and second only to smoking as 
a defi ned cause of malignancy.  H. pylori  is a gram negative, spiral-shaped, microaero-
philic, urease-positive bacillus that is acquired during childhood, probably via the 
fecal/oral or gastric/oral routes. Once acquired, the infection persists throughout life 
unless treated with antibiotics. Common wisdom until 1980 suggested that the 
stomach, with its low pH, was a sterile environment. Then, endoscopy of the stom-
ach became common and, in 1984, the Nobel Laureates Robin Warren and Barry 
Marshall found and cultured  H. pylori  from the gastric epithelium of patients with 
gastritis (infl ammation of the stomach) and ulcer disease (Marshall and Warren 
 1984  ) . Soon, the medical community understood that  H. pylori  is the major cause of 
stomach infl ammation, which, in some infected individuals, precedes peptic ulcer 
disease (10–20%), distal gastric adenocarcinoma (1–2%), and gastric mucosal-
associated lymphoid tissue (MALT) lymphoma (<1%) (Kusters et al.  2006  ) . 
Although, the bacteria mainly reside on the surface mucus gel layer with little inva-
sion of the gastric glands, the host responds with an impressive humoral and cell-
mediated immune response. Despite this sophisticated immune response, most 
infections become chronically established with little evidence that spontaneous 
clearance occurs (Amieva and El-Omar  2008  ) . Two histologically distinct variants 
of gastric adenocarcinoma have been described, each with different pathophysio-
logical features.  Diffuse-type gastric adenocarcinoma  more commonly affects 
younger people and consists of individually infi ltrating neoplastic cells that do not 
form glandular structures. The more prevalent form of gastric adenocarcinoma, 
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 intestinal-type adenocarcinoma  which progresses through a series of histological 
steps that are initiated by the transition from normal mucosa to chronic superfi cial 
gastritis, which then leads to atrophic gastritis and intestinal metaplasia, and fi nally 
to dysplasia and adenocarcinoma (Correa  1992  ) . 

 Although,  H. pylori  signifi cantly increases the risk of developing both dif-
fuse-type and intestinal-type gastric adenocarcinoma, chronic infl ammation is 
not required for the development of diffuse-type cancers, suggesting that mech-
anisms underpinning the ability of  H. pylori  to induce malignancy are different 
for these cancer subtypes. However, only a small proportion of HP-infected 
people ever develop neoplasia, and disease risk involves well-choreographed 
interactions between pathogen and host, which are in turn dependent on strain-
specifi c bacterial factors and/or host genotypic traits. These observations under-
score the importance and timelines of reviewing mechanisms that regulate the 
biological interactions of  H. pylori  with its hosts and that promote 
carcinogenesis. 

 In this chapter we analyzed the role of  H. pylori  and host factors leading to gas-
tric adenocarcinoma and gastric MALT lymphoma and discussed the epidemiologi-
cal and pathophysiological data that led to the consensus that  H. pylori  is one of the 
world’s most important causes of cancer.  

    2.2   Pathophysiology of  H. pylori  Infection 

  Helicobacter  species inhabit the gastrointestinal tract of mammals and birds. These 
species are mostly host specifi c, implying coevolution of the bacteria with their 
hosts. By comparing nucleotide sequences of different strains, it is possible to deter-
mine the minimal time that  H. pylori  and its host have shared a common ancestor. 
Genetic diversity among  H. pylori  strains diminish with distance from East Africa, 
just like genetic diversity decreases among humans (Atherton and Blaser  2009  ) . 
Taken together these data show that  H. pylori  has coevolved with humans, at least 
since their joint exodus from Africa 60,000 years ago and likely throughout their 
evolution. 

 In physiological terms, the stomach may be divided into two main compart-
ments: an acidic proximal corpus that contains the acid-producing parietal cells 
and a less acidic distal antrum that does not have parietal cells but contains the 
endocrine cells that control acid secretion. Both animal and human ingestion stud-
ies suggest that successful colonization of the gastric mucosa is best achieved with 
the aid of acid suppression (Danon et al.  1995  ) . Furthermore, the pharmacological 
inhibition of acid secretion in infected patients leads to the redistribution of the 
infection and its associated gastritis from an antral to a corpus-predominant pattern 
(Kuipers et al.  1996  ) . Thus, lack of gastric acid extends the colonization area and 
maximizes the tissue damage of colonization. The key pathophysiological event in 
 H. pylori  infection is the start of an infl ammatory response that is triggered by dif-
ferent bacterial products, such as CagA, HP-NAP, VacA, lipopolysaccharide (LPS), 
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urease with the ensuing infl ammatory response mediated by cytokines (D’Elios 
et al.  1997b ; Israel and Peek  2001 ; Amedei et al.  2006  ) . The cytokine repertoire 
comprises a multitude of pro- and anti-infl ammatory mediators whose function is 
to co-ordinate an effective immune response against invading pathogens without 
damage to the host (D’Elios et al.  2005  ) . In addition to their infl ammatory proper-
ties, some  H. pylori -induced cytokines, such as interleukin-1 beta (IL-1 b ), IFN- g , 
TNF- a , and IL-4 may exert a variety of effects on the gastric epithelial cells that 
might lead to gastric pH alterations or activation of oncogenes (El-Omar et al. 
 2000 ; El-Omar  2001 ; Robert et al.  1991  ) . Normal bone marrow stem cells (BMDCs) 
are frequently recruited to sites of tissue injury and infl ammation and a recent 
study (Houghton et al.  2004  )  demonstrated that BMDCs might also represent a 
potential source of malignant cells in gastric cancer, while epithelial cancers are 
believed to originate from the transformation of tissue stem cells. They showed 
that chronic infection of C57BL/6 mice with  Helicobacter  induced repopulation of 
the stomach with BMDCs, and subsequently these cells progressed through meta-
plasia and dysplasia to intraepithelial cancer. These fi ndings suggest that epithelial 
cancers can originate from marrow-derived sources. Subsequently, others studies 
demonstrated the possible relationship of BMDCs to carcinogenesis (Takaishi 
et al.  2008 ; Dittmar et al.  2006  ) . Houghton et al.  (  2004  )  speculated that, the plastic-
ity of BMDCs might contribute to epithelial cancers, particularly those associated 
with chronic infl ammation. The model of gastric cancer in  Helicobacter felis  
infected C57BL/6 mice represents an ideal system for evaluating the effects of 
chronic infl ammation on BMDC recruitment and engraftment in the stomach. 
Infl ammation (maximal 2–3 months after infection) subsequently continues at a 
moderate level for the remainder of the life of the animal. In this model, chronic 
infl ammation and tissue injury may be associated with BMDC engraftment within 
the gastric epithelium, and the resulting microenvironment is strongly linked with 
the progression of infl ammation-associated cancer. BMDCs may also contribute to 
established cancers through cell mimicry or cell fusion as suggested for hepato-
cytes or intestinal cells (Wang et al.  2003 ; Rizvi et al.  2006  ) , or they may initiate 
cancer directly. Interestingly, acute gastric infection with  Helicobacter  species, 
acute ulceration, or drug-induced parietal cell loss does not lead to the recruitment 
of BMDCs, while severe chronic infl ammation may lead to BMDC-related car-
cinogenesis. The latter process probably upregulates proinfl ammatory cytokines 
such as IL-1 b , IL-6, and TNF (Tumour Necrosis Factor)- a , and chemokines such 
as CXCL12, contributing to the recruitment of progenitors. 

 Therefore as result of chronic  H. pylori  infection there are three main gastric 
phenotypes: (a) the commonest by far is a mild pan-gastritis that is not associated 
with signifi cant human disease; (b) a corpus-predominant gastritis associated with 
progressive gastric atrophy and multifocal intestinal metaplasia and increased risk 
of gastric cancer (El-Omar et al.  1997  ) ; and (c) an antral-predominant gastritis asso-
ciated with high gastric acid secretion and increased risk of duodenal ulcer disease 
(El-Omar et al.  1995  ) . It is fascinating to note that the determinants of these out-
comes are the severity and extent of the gastritis, which in turn are determined by 
bacterial, host and environmental factors.  
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    2.3    H. pylori  Factors That Interact with the Host 
and Mediate Carcinogenesis 

    2.3.1   CagA and the  cag  Pathogenicity Island 

 The association of  H. pylori  infection with gastric cancer raises the interesting 
question of whether  H. pylori  encodes one or more oncogenes? Oncogenic viruses 
initiate and promote cellular transformation by integrating virally encoded onco-
genes into the host genome (Maeda et al.  2008 ; Howley and Livingston  2009  ) . By 
contrast,  H. pylori  remains primarily extracellular and does not integrate its genome 
into the host DNA. However, the bacterium can still affect the function of host cells 
by translocating a bacterial protein, CagA, which is a component of the  cag  patho-
genicity island.  cag +strains signifi cantly augment the risk for distal gastric cancer 
compared with  cag  – strains (Peek and Blaser  2002  ) . In last few years, the research 
in this fi eld has advanced, particularly that concerning how effects are localized 
within the epithelial cell? (Kwok et al.  2007 ; Higashi    et al.  2002a ; Amieva et al. 
 2003  ) ; how the CagA effector protein varies between strains? (Argent et al.  2004 ; 
Basso et al.  2008  ) , and how CagA can directly induce carcinogenesis? 

 In  H. pylori  strains, the  cag  PaI may be present, absent, or disrupted and thus 
nonfunctional. But,  cag  PaI is usually present and functional in  H. pylori , it contains 
approximately 30 genes, including those that collectively encode a type IV secre-
tion system (T4SS) – a conduit that connects the cytoplasm of the bacterial and host 
epithelial cells (Odenbreit et al.  2000  ) . This is brilliantly designed for the human 
stomach: an antigenically variable, acid-stable structural protein (CagY) coats the 
“syringe,” conferring stability and allowing evasion from the host immune response 
(Algood et al.  2007  ) . Subsequent contact of the tip protein (CagL) with the epithe-
lial cell and delivery and activation of the effector protein (CagA) stimulate local 
signaling and effects at the site of attachment (Backert and Selbach  2008  )  
(Fig.  2.1 ).  

 CagA may also have more well-known cellular effects, including activation of 
NF-kB (Brandt et al.  2005  )  (Fig.  2.1 ). CagA is polymorphic and from different 
 H. pylori  strains has different numbers and types of activating tyrosine phosphory-
lation motifs (TPMs), leading to different effects on cellular signaling and differing 
risks of disease; for example the D-type TPM found in East Asian strains binds to 
Src homology 2 domain–containing tyrosine phosphatase 2 (SHP-2) strongly and 
stimulates very marked cellular effects (Higashi et al.  2002a,   b ; Argent et al.  2008  ) . 
This may, in part explain the high rate of  H. pylori  associated disease in Japan and 
parts of China. 

 In host cells, CagA interacts with a number of cellular complexes implicated in 
carcinogenesis (Bourzac and Guillemin  2005 ; Hatakeyama  2006  )  and appears to be 
very important in  H. pylori  induced gastric carcinogenesis, regardless of infl amma-
tion status. Among transgenic mice engineered to express CagA constitutively, 
some developed B cell lymphomas and some developed gastric adenocarcinomas 
(Ohnishi et al.  2008  )  with no gastritis. This implies that the underlying mechanism 
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did not involve chronic infl ammatory damage, although early time points were not 
examined. The implications for human gastric intestinal-type carcinogenesis, which 
appears to arise on a background of infl ammation through a stepwise progression 
of gastritis-atrophy-metaplasia-carcinoma, remain to be fully elucidated. As the 
cag T4SS also induces proinfl ammatory cytokines via the intracellular bacterial 
peptidoglycan recognition molecule nucleotide-binding oligomerization domain-
containing protein 1(NoD1). 

 NoD1 activation by  H. pylori  peptidoglycan stimulates NF- k B, p38 and ERK, 
culminating in the expression of the chemokines CXCL2 and CXCL8 (Viala et al. 
 2004 ; Allison et al.  2009  ) . The delivery of peptidoglycan components into host cells 
induces additional epithelial responses with carcinogenic potential, such as the acti-
vation of Pi3K and cell migration. The  H. pylori  gene  slt  encodes a soluble lytic 
transglycosylase that is required for peptidoglycan turnover and release (Viala et al. 
 2004  ) , thereby regulating the amount of peptidoglycan translocated into host cells. 
Inactivation of  slt  has been shown to inhibit  H. pylori  induced Pi3K signalling and 

  Fig. 2.1    Local and whole-cell effects of the  H. pylori  protein CagA.  H. pylori  with an intact  cag  
PaI, forms a T4SS, which injects CagA into epithelial cells. The CagL protein of T4SS complex 
binds to and activates integrin  a 5 b 1, resulting in local activation of focal adhesion kinase ( FAK ) 
and then Src kinase. Activated kinases phosphorylate CagA, in turn activating local Src homology 
2 domain–containing tyrosine phosphatase 2 ( SHP-2 ) and therefore local signaling. A soluble 
component of bacterial peptidoglycan,  g -D-glutamyl- meso -diaminopimelic acid ( iE-DAP ) also 
enters the cell and is recognized by the intracellular innate immune pattern-recognition receptor 
Nod1, leading to stimulation of NF- k B. In addition, phosphorylated CagA itself also may activate 
NF- k B and have other whole-cell effects. The  bold  text indicates cellular effects       
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cell migration (Nagy et al.  2009  ) . The protein encoded by the  H. pylori  gene  HP0310  
deacetylates  N -acetylglucosamine peptidoglycan residues and is required for nor-
mal peptidoglycan synthesis (Wang et al.  2009  ) . Loss of  HP0310 , which leads to 
decreased peptidoglycan production, reciprocally augments the delivery of the other 
major  cag  secretion system substrate, CagA, into host cells. This suggests that func-
tional interactions occur between  H. pylori  translocated effectors (Franco et al. 
 2009  ) . These fi ndings indicate that contact between  cag +strains and host cells acti-
vates multiple signalling pathways that regulate oncogenic cellular responses, which 
may heighten the risk for transformation. 

 Thus, while CagA may not promote cancer itself, exposure to CagA and infl am-
matory insults may select for heritable host cell changes (genetic or epigenetic) that 
together contribute to cancer progression. Eradication of  H. pylori  in the human 
atrophic stomach does not greatly reduce the proportion of people who develop 
cancer over a 5-year time frame (Wong et al.  2004  ) , implying that CagA effects 
must be mediated relatively early in the carcinogenic process.  

    2.3.2   The  H. pylori  Vacuolating Cytotoxin 

 The  H. pylori  gene  vacA  encodes a secreted protein (vacA) that was initially 
identifi ed on the basis of its ability to induce vacuolation in cultured epithelial 
cells (Telford et al.  1994  ) . However, vacA also exerts other effects on host cells 
(Boncristiano et al.  2003  ) , and  vacA  is a specifi c locus linked with gastric 
malignancy. 

 All strains contain  vacA , but there is marked variation in  vacA  sequences among 
strains with the regions of greatest diversity localized to the 5 ¢  signal terminus, the 
mid-region and the intermediate region (Rhead et al.  2007  ) ; and  vacA  sequence 
diversity corresponds to variations in vacuolating activity. VacA is secreted and 
undergoes proteolysis to yield two fragments, p33 and p55 (Fig.  2.2a ): the p33 
domain contains a hydrophobic sequence that is involved in pore formation, whereas 
the p55 fragment contains cell-binding domains. VacA binds multiple epithelial 
cell-surface components, including the transmembrane protein receptor-type 
tyrosine protein phosphatase- z  (PTPRZ1), fi bronectin, epidermal growth factor 
receptor (EGFR), various lipids and sphingomyelin, as well as CD18 (integrin  b 2) 
on T cells (Polk and Peek  2010  ) .  

 The protein vacA not only induces vacuolation but also can stimulate apoptosis 
in gastric epithelial cells (Fig.  2.2b ). Transient expression of p33 or full-length vacA 
induces cytochrome- c  release from mitochondria, leading to the activation of cas-
pase 3, and vacA proteins that contain a s1 signal allele induce higher levels of 
apoptosis than vacA proteins that contain a s2 allele or vacA mutants lacking the 
hydrophobic amino terminus region (Cover and Blanke  2005  ) . 

 In addition, vacA exerts effects on the host immune response that permit long-
term colonization with an inherent increased risk of transformation. vacA binding 
to integrin  b 2 blocks antigen-dependent proliferation of transformed T cells by 
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interfering with IL-2 (interleukin-2)-mediated signaling through the inhibition of 
Ca 2+  mobilization and down regulation of the Ca 2+  dependent phosphatase calcineu-
rin (Boncristiano et al.  2003 ; Gebert et al.  2003  )  (Fig.  2.2 ). This in turn inhibits the 
activation of the transcription factor nuclear factor of activated T cells (NFAT) and 
its target genes  IL2  and the high-affi nity IL-2 receptor- a  ( IL2RA ). vacA exerts 
effects on primary human CD4 +  T cells that are different from its effects on trans-
formed T cell lines by suppressing IL-2-induced cell cycle progression and prolif-
eration in an NFAT-independent manner (Sundrud et al.  2004  )  Collectively, these 
results suggest that vacA inhibits the expansion of T cells that are activated by bac-
terial antigens, thereby allowing  H. pylori  to evade the specifi c immune response. 

 Several epidemiological studies have evidenced linking vacA production to 
gastric cancer.  H. pylori  strains that express forms of vacA, that are active  in vitro  
are associated with a higher risk of GC than the strains that express inactive 
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  Fig. 2.2    Constitution and functional effects of  H. pylori  Vaca protein. ( a ) VacA is secreted as a 
96 kDa protein, which is rapidly cleaved into a 10 kDa passenger domain (  p10 ) and an 88 kDa 
mature protein (  p88 ). The p88 fragment contains two domains, designated p33 and p55, which are 
VacA functional domains. ( b ) The p88 monomeric form of VacA binds to epithelial cells nonspe-
cifi cally and through specifi c receptor binding. Following binding, VacA monomers form oligom-
ers, which are then internalized and form anion-selective channels in endosomal membranes; 
vacuoles arise owing to the swelling of endosomal compartments. The biological consequences of 
vacuolation are currently undefi ned, but VacA also induces other effects, such as apoptosis, partly 
by forming pores in mitochondrial membranes, allowing cytochrome  c  release. VacA has also been 
identifi ed in the lamina propria, and probably enters by traversing epithelial paracellular spaces, 
where it can interact with integrin  b 2 on T cells and inhibit the transcription factor nuclear factor of 
activated T cells ( NFAT  ), leading to the inhibition of IL-2 secretion and blockade of T cell activation 
and proliferation       
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forms of vacA (Gerhard et al.  1999 ; Miehlke et al.  2000 ;). This relationship is 
consistent with studies that have examined the distribution of  vacA  genotypes 
throughout the world. In the regions that have high rate of distal gastric cancer, 
such as Colombia and Japan, most  H. pylori  strains contain  vacA  s1 and m1 
alleles (Van Doorn et al.  1999  ) .  

    2.3.3   Outer Membrane Proteins 

 Generally, most  H. pylori  reside within the semi-permeable mucous gel layer of the 
stomach blanketing the apical surface of the gastric epithelium, but about 20% bind 
to gastric epithelial cells and genome analysis of  H. pylori  strains has revealed that 
an unusually high proportion of identifi ed open reading frames encode proteins that 
reside in the outer, as well as the inner, membrane of the bacterium (known as outer 
membrane proteins (omPs) (Oh et al.  2006 ; McClain et al.  2009  ) ). Consistent with 
genomic studies,  H. pylori  strains express multiple paralogous omPs, several of 
which bind to defi ned receptors on gastric epithelial cells, and strains differ in both 
expression and binding properties of certain omPs (Fig.  2.3 ).  

 A member of highly conserved omPs, the protein babA (encoded by the strain-
specifi c gene  babA2 ), is an adhesin that binds the Lewis histo-blood-group antigen leb 
on gastric epithelial cells (Solnick et al.  2004  ) . Gerhard et al.  (  1999  )  have demonstrated 
that  H. pylori babA2 + strains are associated with an increased risk of GC. SabA is an 
 H. pylori  adhesin that binds the sialyl-lewisx (lex) antigen, which is an established 
tumour antigen and a marker of gastric dysplasia that is up regulated by chronic gastric 
infl ammation (Mahdavi et al.  2002  ) . Exploitation of host lewis antigens is further evi-
denced by data demonstrating that the antigen of  H. pylori  lipopolysaccharide (LPS) 
contains various human lewis antigens (lex, ley, lea and leb); and the inactivation of lex 
and ley encoding genes prevents  H. pylori  from colonizing mice (Monteiro et al.  2000  ) . 
Approximately 85% of  H. pylori  clinical isolates express lex and ley, and although both 
can be detected on individual strains but one antigen usually predominates (Wirth et al. 
 1999  ) .  In vivo  studies using mice have demonstrated that the lewis antigen expression 
pattern of colonizing bacteria is directly altered in response to the expression pattern of 
their cognate host. In leb expressing transgenic or wild-type control mice challenged 
with an  H. pylori  strain that expressed lex and ley, only bacterial populations recovered 
from leb positive mice expressed leb, and this was mediated by a putative galactosyl-
transferase gene ( b  -(1,3)galT ) (Pohl et al.  2009  ) . This suggests that lewis antigens 
facilitate molecular mimicry and allow  H. pylori  to escape host immune defenses by 
preventing the formation of antibodies against shared bacterial and host epitopes. 

 Another differentially expressed omP of  H. pylori  is oipA that has been linked to 
disease outcome (Yamaoka et al.  2002  ) . Expression of oipA is regulated by slipped 
strand mispairing within a CT-rich dinucleotide repeat region located in the 5 ¢  ter-
minus of the gene. Several reports have demonstrated that the expression of proin-
fl ammatory cytokines/chemokines (such as CXCL8, IL-6, CCL5) is co-regulated by 
oipA, as well as other effector proteins that may have a role in pathogenesis, such as 
matrix metalloproteinase 1 (mmP1) (Yamaoka et al.  2002 ; Wu et al.  2006  ) .   
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    2.4   Infl uence of  Helicobacter pylori  Infection 
on DNA Damage and Repair 

    2.4.1   DNA Repair 

 Genetic instability is a hallmark of cancer. Therefore, one would expect that if 
 H. pylori  infection causes damage to DNA or decreases the activity of DNA repair 
pathways, it will allow accumulation of mutations that can cause inactivation of 
tumour suppressor genes or activation of oncogenes, which with time will increase 
the risk for growth of GC (Touati et al.  2003  ) . 

 MMR (Mismatch repair pathway) is one of the most studied DNA repair mech-
anism. Human MMR is initiated by the binding of a heterodimeric protein com-
plex, MutS a  or MutS b  to a mismatch. MutS a  (formed by MSH2 and MSH6 
proteins) binds preferentially to base-base mismatches and small insertion-deletion 

  Fig. 2.3    Relations between gastric epithelial cells and  H. pylori.  Several adhesions ( BabA, SabA 
and OipA ) mediate binding of  H.pylori  to gastric epithelial cells, probably through the apical sur-
face. After adherence,  H. pylori  can translocate effector molecules such as CagA and peptidogly-
can ( PGN ) into the host cell. PGN is sensed by the intracellular receptor nucleotide-binding 
oligomerization domain-containing protein 1 ( NOD1 ), which activates nuclear factor- k B ( NF- k B ), 
p38, ERK and IRF7 to induce the release of pro-infl ammatory cytokines. After translocation, 
CagA is quickly phosphorylated ( P ) by SRC and ABL kinases, leading to cytoskeletal rearrange-
ments. Unphosphorylated CagA can trigger different signalling cascades such as the activation of 
NF- k B and the disruption of cell–cell junctions, which may contribute to the loss of epithelial bar-
rier function. Injection of CagA seems to be dependent on basolateral integrin  a 5 b 1.  AJ  adherens 
junction,  TJ  tight junction,  CSK  c-src tyrosine kinase,  IKK e   I k B kinase- e ,  IRF7  interferon regula-
tory factor 7,  RICK  receptor-interacting serine-threonine kinase 2,  TBK1  TANK-binding kinase 1       
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loops. MutS b  combines MSH2 an MSH3 proteins and binds to larger insertion-
deletion loops. 

 After the binding of one of these complexes to the mismatch, MutL a  or MutL b  
is recruited. MutL a  is formed by MLH1 and PMS2 proteins, and MutL b  consists of 
the MLH1 and PMS1 proteins. These complexes signal downstream MMR com-
ponents that proceed with the excision of the DNA containing the mismatch and 
resynthesis of the newly synthesized strand (Li  2003  ) . Concerning the effect of 
 H. pylori  infection on the MMR pathway in GC, a recent study showed that,  in vitro  
expression of MLH1, PMS1, PMS2, MSH2 and MSH6 proteins decreased (dose-
dependent) after  H. pylori  infection. Interestingly, the decrease in protein expres-
sion correlated with mRNA down-regulation for MSH2 and MSH6. The levels of 
MLH1 in cells that had undergone  H. pylori  eradication, returned to values similar 
to the non-infected cells suggesting a reversible inhibition of MMR gene expression 
(Kim et al.  2002  ) . 

 To explore an association between  H. pylori  infection and decrease in MMR 
expression  in vivo , Park et al.  (  2005  )  studied  H. pylori -infected gastritis and peptic 
ulcer disease tissue samples before and after eradication treatment. The results 
obtained elucidated that  H. pylori  eradication treatment increased MLH1 and MSH2 
levels, suggesting that  H. pylori  gastritis might lead to a defi ciency of MMR in gas-
tric epithelium that may increase the risk of mutation accumulation in the gastric 
mucosa cells during chronic  H. pylori  infection. 

 In order to characterize the biological role of the bacteria-induced decrease in 
MMR gene/protein expression, Machado et al.  (  2009  )  investigated the effect of 
 H. pylori  infection of gastric cells on major repair pathways. In AGS gastric epithe-
lial cells as well as in C57BL/6 mice infected with  H. pylori , MMR gene/protein 
expression decreased. This decrease regarding overall MMR is not dependent on the 
virulence factors of the bacteria and occurs during the early stages of infection. It 
was observed that MMR down-regulation in mice occurred after 3 months of infec-
tion with  H. pylori  but not after 12 months. 

 Another major repair pathway critical for the maintenance of genome stability is, 
Base excision repair (BER) that repairs a number of endogenously generated DNA 
lesions. BER removes various forms of base damage such as oxidation, methylation 
and deamination and is initiated by DNA glycosylases that recognize and cleave the 
damaged bases, creating abasic (AP) sites. The AP sites are cytotoxic and muta-
genic, and therefore further processed by DNA glycosylases with AP-lyase activity 
or by APE1 (Guillet and Boiteux  2002 ; Fortini et al.  2003  ) . The single nucleotide 
gap is fi lled and the nick sealed to complete the repair reaction. APE1 expression 
was down-regulated in gastric cells infected with  H. pylori , while OGG1 (a DNA 
glycosylase repairing oxidative DNA damage) remained constant. These results 
suggest that  H. pylori  infection causes an imbalance between generation and repair 
of AP sites, which is highly mutagenic (Machado et al.  2009 ; Glassner et al. 
 1998  ) . 

 All together the published literature suggests that increased levels of cellular dam-
age and death due to for example reactive oxygen species (ROS) would lead to increased 
infl ammation and consequently to the production of more ROS and tumour-promoting 
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cytokines. It also strongly indicates that one mechanism underlying genetic instability 
caused by  H. pylori  infection is deregulation of central DNA repair pathways.  

    2.4.2   DNA Damage 

  H. pylori  infection causes oxidative DNA damage of the host cells, which results in 
mutagenesis and disease development. Chronic infections that induce an infl amma-
tory response are a great source of ROS. Various studies demonstrated an associa-
tion between increased levels of oxidized bases and cancer or infl ammatory diseases 
including hepatitis, cirrhosis and  H. pylori  infection (Marnett  2000  ) . The cellular 
consequences of DNA oxidation by ROS are several since it can lead to a number of 
different types of damage, such as oxidized bases, single and double-strand breaks 
(De Bont and van Larabeke  2004  ) . Polyunsaturated fatty acid residues of phospho-
lipids are also very sensitive to oxidation and the fi rst products derived from fatty 
acid oxidation can either be reduced into harmless fatty acid alcohols or react with 
metal, generating substances that damage DNA by forming exocyclic adducts that 
block the DNA base pairing region. The levels of DNA adducts are increased by 
chronic infections and infl ammation. Various studies have revealed a connection 
between  H. pylori  infection and oxidative DNA damage (De Bont and van Larabeke 
 2004  ) . It has been shown that the bacterial infection affects the antioxidant defenses 
of gastric cells, suggesting that this response is one of the cellular mechanisms to 
survive attack of ROS (Obst et al.  2000 ; Khanzode et al.  2003  ) . 

  In vitro  it was shown that  H. pylori  infection induced microsatellite instability 
(MSI), which correlated with a decrease in expression of the MMR proteins MLH1 
and MSH2 (Yao et al.  2006  ) . The decrease in MLH1 expression could be explained 
by the CpG methylation detected in the MLH1 promoter region from infected cells. 
It has been suggested that  H. pylori  is responsible for methylation of promoters in 
early steps of gastric transformation and eradication of infection may result in rever-
sal of methylation (Perri et al.  2007 ; Leung et al.  2006  ) . In cancer, DNA methylation 
is often aberrant and methylation can lead to mutations due to the formation of 
mutagenic adducts (Stern et al.  2000  ) . Alkylated DNA adducts can generate, for 
example, mutagenic AP sites and imidazole ring opening, which can be responsible 
for the blocking of DNA replication (Tudek et al.  1992  ) . With the purpose of eluci-
date the nature of mutations introduced by  H. pylori  infection, Touati et al.  (  2003  )  
used mice carrying the  l  phage shuttle vector containing a cII reporter to show that 
mutation frequencies increased after 6 months of infection. The mutation spectrum 
in infected mice was dominated by mutations that could be explained to originate 
from oxidative damage, supporting the idea that the bacterial infection induces oxi-
dative DNA damage, which is associated with the host-infl ammatory response. 

 These results add novelty to the fi eld of  H. pylori  pathogenesis by showing that 
 H. pylori  infection induces a decrease in repair activity and a transient mutator phe-
notype, contributing to epithelial gastric genomic instability and to neoplastic 
transformation.  
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    2.4.3   mtDNA Instability and  H. pylori  Infection 

 There is evidence that  H. pylori  plays a role in the appearance of mutations in 
mitochondrial DNA (mtDNA) (Hiyama et al.  2003 ; Lee et al.  2007  ) . In gastric 
cancer, mtDNA mutations occur both in the non coding D-loop region and the cod-
ing genes (Wu et al.  2005 ; Han et al.  2003  ) . Recently it has been demonstrated, that 
 H. pylori  infection resulted in increased mutations in the non-coding D-loop as 
well as the coding genes ND1 and COI of mtDNA of gastric cells (Machado et al. 
 2009  ) . The increase in the number of mutations was mainly attributed to a rise of 
transitions, possibly a consequence of oxidative damage. The increase in mtDNA 
mutations was dependent on the bacterial virulence factors.  H. pylori  positive 
chronic gastritis patients also showed that transitions were the main mutational 
event and patients harboring mtDNA mutations were frequently infected by 
 H. pylori  with cagA+ and vacA s1/m1 genotype (Machado et al.  2009  ) . 

 In view of the studies cited,  H. pylori  infection is able to induce mtDNA muta-
tions both  in vitro  and  in vivo , suggesting that the mitochondrial genome is highly 
susceptible to bacterial infections.   

    2.5   Pro-tumorigenesis Host Factors 

    2.5.1   Human Gene Polymorphisms 

 One of the paradoxes of  H. pylori  infection is its association with mutually exclu-
sive clinical outcomes such as GC and duodenal ulcer disease. As we have already 
discussed previously, various bacterial virulence factors (e.g.,  cagA ,  vacA ,  BabA  
and  OipA ) have an undoubted role in the pathogenesis of these diseases, but they do 
not readily distinguish between the two key outcomes of GC and duodenal ulcer. 
Also, hereditary factors clearly increase the risk of gastric cancer and this malig-
nancy is part of a number of familial cancer syndromes. The most celebrated famil-
ial case of gastric cancer is that of Napoleone Bonaparte (Marchall and Windsor 
 2005  ) . All these considerations prompted some researchers to consider the host 
genetic factors that may be relevant to this process. 

 But what are the genes considered to be important and where to focus resources? 
Since  H. pylori  achieve most damage through induction of chronic infl ammation, it 
is reasonable to consider genes that control this process as appropriate candidates. 

    2.5.1.1   IL-1 Gene 

 The  IL-1  gene cluster on chromosome 2q contains three related genes within a 
430 kb region:  IL-1A ,  IL-1B  and  IL-1RN , which encode for the pro-infl ammatory 
cytokines IL-1 a  and IL-1 b , as well as their endogenous receptor antagonist IL-1ra, 
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respectively (Dinarello  1996  ) . IL-1 b  is upregulated in the presence of  H. pylori  and 
plays a central role in initiating and amplifying the infl ammatory response to this 
infection (El-Omar  2001  ) . 

 Three diallelic polymorphisms in  IL-1B  have been reported, all representing C–T 
or T–C transitions, at positions−511, −31, and +3954 bp from the transcriptional 
start site (Bidwell et al.  2001  ) . The  IL-1RN  gene has a penta-allelic 86 bp tandem 
repeat (VNTR) in intron 2, of which the less common allele 2 ( IL-1RN *2) is associ-
ated with a wide range of chronic infl ammatory and autoimmune conditions (Bidwell 
et al.  2001  ) . There are several epidemiologic studies that have tested the role of 
these candidate loci. El-Omar et al.  (  2000  )  fi rst studied the correlation of high IL-1 b  
genotypes (two polymorphisms in the  IL-1B  and  IL-1RN  genes) with hypochlorhy-
dria and gastric atrophy in a Caucasian population of gastric cancer. These relatives 
were known to be at increased risk of developing the same cancer and had a high 
prevalence of precancerous abnormalities (hypochlorhydria and gastric atrophy) but 
only in the presence of  H. pylori  infection (El-Omar et al.  2000  ) . The association 
between the same IL-1 b  genetic polymorphisms and gastric cancer itself was sub-
sequently examined using two independent Caucasian case control studies from 
Poland and the USA (El-Omar et al.  2000,   2003  ) . In the above studies the pro-
infl ammatory  IL-1  genotypes were associated with an increased risk of both intesti-
nal and diffuse types of gastric cancer; however, the risk was restricted to the non 
cardia sub-site. 

 Indeed, the  IL-1  markers had no effect on risk of cardia gastric adenocarcinomas, 
esophageal adenocarcinomas or esophageal squamous cell carcinomas (El-Omar 
et al.  2003  ) . The latter fi ndings are entirely in keeping with the proposed mechanism 
for the effect of these polymorphisms in gastric cancer, namely the reduction of 
gastric acid secretion. Thus, a high IL-1 b  genotype appears to increase the risk of 
non-cardia gastric cancer, a disease characterized by hypochlorhydria, while it has 
no effect on cancers associated with high acid exposure such as esophageal adeno-
carcinomas and some cardia cancers. 

 The association between  IL-1  gene cluster polymorphisms and gastric cancer 
and its precursors has been confi rmed independently by other groups covering 
Caucasian, Asian and Hispanic populations (Rad et al.  2003 : Palli et al.  2005 ; Furuta 
et al.  2002 ; Zeng et al.  2003  ) . Machado et al.  (  2001  )  were the fi rst to confi rm the 
association between  IL-1  markers and gastric cancer in Caucasians and reported 
similar modest odds ratios to those reported by El-Omar (Machado et al.  2001  )  
Furthermore, the same group subsequently reported on the combined effects of pro-
infl ammatory  IL-1  genotypes and  H. pylori  bacterial virulence factors ( cagA  posi-
tive,  VacA s1  and  VacA m1 ). This study on combined effects reported, that for each 
combination of bacterial and host genotype the odds of having a gastric carcinoma 
were greatest in those with both bacterial and host high-risk genotypes (Figueiredo 
et al.  2002  ) . This highlights a potentially important interaction between host and 
bacterium in the pathogenesis of gastric cancer. 

 A decisive piece of evidence that confirmed the apparent role of IL-1 b  in 
 H. pylori -induced gastric carcinogenesis came from a transgenic mouse model in 
which IL-1 b  over production was targeted to the stomach by the H + /K + -ATPase beta 
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promoter (Tu et al.  2008  ) . With the over expression of IL-1 b  confi ned to the stomach, 
these transgenic mice had a thickened gastric mucosa, produced lower amounts of 
gastric acid and developed severe gastritis followed by gastric atrophy, intestinal 
metaplasia, dysplasia and adenocarcinomas. Importantly, these IL-1 b  transgenic 
mice proceeded through a multistage process that mimicked human gastric neopla-
sia. These changes occurred even in the absence of  H. pylori  infection, which, when 
introduced, led to an acceleration of these abnormalities. Most interestingly, the 
pathological changes, including the progression to gastric cancer were prevented by 
infusion of IL-1 receptor antagonist, proving beyond doubt that IL-1 b  is responsible 
for the pathological effects. 

 Another crucial piece of evidence came from well-designed recent study (Stoicov 
et al.  2009  ) : T-bet is a central regulator of the cytokine environment during 
 Helicobacter  infection and T-bet knockout (KO) mice maintain infection for 
15 months at levels similar to wild type mice and develop signifi cant infl ammation 
with a blunted Th1 (T helper 1). Furthermore, this blunted response is associated 
with the preservation of parietal and chief cells and protection from the develop-
ment of gastric cancer. Crucially however, T-bet KO mice respond to  Helicobacter  
infection with a markedly blunted IL-1 b  and TNF- a  and elevated IL-10 levels. This 
mirrors the situation in humans who are protected against gastric cancer, and merits 
further research.  

    2.5.1.2   TNF-a, IL-10 and CXCL8 Genes 

 Soon after the identifi cation of  IL-1  gene cluster polymorphisms as risk factors for 
gastric cancer, the proinfl ammatory genotypes of  TNF- a  and  IL-10  were reported 
as independent additional risk factors for non cardia gastric cancer (El-Omar et al. 
 2000  ) . 

 TNF-  a  is another powerful pro-infl ammatory cytokine that is produced in the 
gastric mucosa in response to  H. pylori  infection (D’Elios et al.  1997a  ) . The  TNF-
a -308 G>A polymorphism is known to be involved in a number of infl ammatory 
conditions. Carrying the pro-infl ammatory A allele increased the risk of non cardia 
gastric cancer. This association was independently confi rmed by a study from 
Machado et al.  (  2003  ) . The same group also showed that the association between 
the  TNF-a -308 G>A polymorphism and increased risk of gastric carcinoma is 
dependent on a linkage disequilibrium with an yet unidentifi ed locus (Canedo et al. 
 2008a,   b  ) . Another interleukin, IL-10, is an anti-infl ammatory cytokine that down 
regulates IL-1 b , TNF- a , interferon- g  and other pro-infl ammatory cytokines. A rela-
tive defi ciency of IL-10 may result in a Th1-driven hyper-infl ammatory response to 
 H. pylori  with greater damage to the gastric mucosa. A recent study reported that 
homozygosity for the low-IL-10  ATA  haplotype (based on three promoter polymor-
phisms at positions −592, −819 and −1,082) increased the risk of non cardia gastric 
cancer with an odds ratio of 2.5 (95%  CI : 1.1–5.7) (El-Omar et al.  2003  ) . 

 Interestingly, there seems to be a cumulative effect in carrying more than 
one pro-infl ammatory cytokine gene polymorphism. The same authors studied the 
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effect of having multiple pro-infl ammatory genotypes ( IL-1  b -511*T,  IL-1RN *2*2, 
 TNF-  a -308*A and  IL-10  ATA/ATA) on the risk of non-gastric cancer. With the 
addition of each relevant polymorphism the risk of non-gastric cancer increased 
progressively such that when three to four of these polymorphisms were present, the 
risk for gastric cancer was increased 27-fold (El-Omar et al.  2003  ) . The fact that 
 H. pylori  is a prerequisite for the association of these polymorphisms with malig-
nancy demonstrates that in this situation, infection−induced infl ammation may 
indeed be contributing to carcinogenesis. 

 A chemokine that has an important role in the pathogenesis of  H. pylori  induced 
diseases is CXCL8. This chemokine is a potent chemoattractant for neutrophils and 
lymphocytes. It also has effects on cell proliferation, migration and tumour angio-
genesis. The gene has a well established promoter polymorphism at position −251 
( IL-8– 251 T>A). The A allele is associated with increased production of CXCL8 
in  H. pylori  infected gastric mucosa (Smith et al.  2004  ) . It has been reported to 
increase the risk of severe infl ammation and precancerous gastric abnormalities in 
Caucasian and Asian populations (Smith et al.  2004 ; Taguchi et al.  2005  ) .  

    2.5.1.3   Immune Response Genes 

 In the last few years, association of other genes (particularly gene correlate with 
immune response) polymorphisms with the increased risk of GC have been studied 
vigorously. The seminal study by D’Elios et al.  (  1997a  )  demonstrated that  H. pylori  
typically induces a Th1 response in infected individuals. A preferential activation of 
Th1 responses has been reported in different animal models, such as mice, beagle 
dogs, monkeys, and gerbils experimentally infected with  H. pylori  or  H. felis  
(Mohammadi et al.  1997 ; Rossi et al.  2000 ; Mattapallil et al.  2000 ; Wiedemann 
et al.  2009  ) . A large number of studies agree that  H. pylori  elicits Th1 response and 
is associated with more severe disease, including precancerous and cancerous 
lesions (D’Elios et al.  1997b ; Bamford et al.  1998 ; Sommer et al.  1998 ; Fox et al.  2000 ; 
Lehmann et al.  2002 ; Del Giudice et al.  2001 ; Tomita et al.  2001 ; de Jonge et al.  2004 ; 
Wen et al.  2004  ) . The major Th1 promoting factor of  H. pylori  is HP-NAP that 
stimulates IL-12 production via TLR2 (Amedei et al.  2006  ) . However, other Th1 
driving factors also exist, such as products of  cag,  as well as VacA, hsp90, outer 
membrane protein 18, cysteine-rich protein A, and lipopolysaccharide (   D’Elios 
et al.  1997a ; Guiney et al.  2003 ; Deml et al.  2005 ; Voland et al.  2006 ; Taylor et al. 
 2006 ; Takeshima et al.  2011  ) . Hou et al.  (  2007  )  studied the association between 
gastric cancer and several variants in genes responsible for Th1 cell-mediated 
response, that is typical in  H. pylori  infection, (D’Elios et al.  1997a ; Amedei et al. 
 2006  ) , and in particular the results suggest that a polarized Th1 response may play 
a role in the genesis of severe clinical forms of disease (D’Elios et al.  1997a,  b  ) , Hou 
et al. ( 2007  )     subsequently reported that carrying the C allele of the interferon gamma 
receptor 2 ( IFNGR2 ) (Ex7–128) rs4986958 polymorphism was associated with an 
increased risk of gastric cancer compared with the TT genotype. Further more, 
there was an additive effect when the  IFNGR2  polymorphism was combined with 
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the  TNF-a- 308 TT genotype ( OR  5.5, 95%  CI  1.5–19.4). The interferon gamma 
receptor 1 ( IFNGR1 ) –56C/T gene polymorphism was studied by Canedo et al. 
 (  2008a,   b  )  in patients with early onset GC (less than 40 years of age at the time of 
diagnosis) there was a signifi cant over-representation of the  IFNGR1  –56*T/*T 
homozygous genotype with an  OR  of 4.1 (95%  CI  1.6–10.6). 

 A recent study evaluated polymorphisms in the Th1  IL7R  gene and one polymor-
phism in the Th2  IL5  gene (Mahajan et al.  2008  ) . The  OR  for  IL7R  rs1494555 were 
1.4 (95%  CI  1.0–1.9) for A/G and 1.5 (95%  CI  1.0–2.4) for G/G carriers compared 
with A/A carriers ( P  = 0.04). The  OR  for  IL5  rs2069812 were 0.9 (95%  CI  0.7–1.3) 
for C/T and 0.6 (95%  CI  0.3–1.0) T/T carriers compared with C/C carriers ( P  =0.03). 
These results suggest that  IL5  rs2069812 and  IL7R  rs1389832, rs1494556 and 
rs1494555 polymorphisms may contribute to the risk of GC. 

 Genetic polymorphisms of the cytokines and chemokines discussed above clearly 
play an important role in the risk of  H. pylori -induced gastric adenocarcinomas. 
However,  H. pylori  is initially handled by the innate immune response and it is con-
ceivable that functionally relevant polymorphisms in the genes of this arm of the 
immune system may affect the magnitude and subsequent direction of the host’s 
response against the infection. Most  H. pylori  cells do not invade the gastric mucosa 
but the inflammatory response against it is triggered through the attachment of 
 H. pylori  to the gastric epithelia, mainly via TLR2 or TLR4 (Amedei et al.  2006 ; 
Segal et al.  1997  ) . Toll-like receptor 4 (TLR4) was initially identifi ed as the poten-
tial signaling receptor for  H. pylori  on gastric epithelial cells (Su et al.  2003  )  and 
recently, Hold et al.  (  2007  )  have shown that the  TLR4 +896A>G polymorphism was 
associated with an exaggerated and destructive chronic infl ammatory phenotype in 
 H. pylori  infected patients. This phenotype was characterized by gastric atrophy and 
hypochlorhydria, the hallmarks of subsequent increased risk of gastric cancer. 

 The association of  TLR4 +896 A>G polymorphism with both GC and its precur-
sor lesions implies that it is relevant to the entire multistage process of gastric car-
cinogenesis that starts with the  H. pylori  colonization of the gastric mucosa. Patients 
with this polymorphism have an increased risk of severe infl ammation and subse-
quent development of hypochlorhydria and gastric atrophy, which are regarded as 
the most important precancerous abnormalities. This severe infl ammation is initi-
ated by  H. pylori  infection but it is entirely feasible that subsequent co-colonization 
of an achlorhydric stomach by a variety of other bacteria may sustain and enhance 
the microbial infl ammatory stimulus and continue to drive the carcinogenic 
process. 

 Recently another  TLR4  polymorphism is associated to increase of the risk of 
intestinal type gastric cancer. The  TLR4  Thr399Ile was linked with an increased 
hazard ratio of 5.38, (95%  CI  1.652–8.145),  P  = 0.006 (Santini et al.  2008  ) . 

 There are other reports of innate immune response gene polymorphisms being 
associated with increased risk of gastric cancer: mannose binding lectin is an anti-
gen recognition molecule involved in systemic and mucosal innate immunity. It is 
able to bind to a range of microbes and subsequently kill them by activating the 
complement system and promoting complement independent opsonophagocytosis. 
A latest work showed that polymorphisms in the mannose binding lectin-2 gene 
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( MBL2 ) were associated with increased risk of GC. In haplotype analysis, the HYD 
haplotype was associated with an increased risk of stomach cancer when compared 
with HYA, the most common haplotype ( OR  = 1.9, 95%  CI  1.1–3.2;  P  = 0.02) 
(Baccarelli et al.  2006  ) .   

    2.5.2    b -Catenin in  H. pylori  Carcinogenesis 

 A specifi c host molecule that may infl uence carcinogenic responses in conjunction 
with  H. pylori  is  b -catenin, a ubiquitously expressed protein that has distinct func-
tions within host cells. Membrane bound  b -catenin is a component of adherens 
junctions that link cadherin receptors to the actin cytoskeleton. Cytoplasmic 
 b -catenin is a downstream component of the Wnt signal transduction pathway 
(Fig.  2.4a ). In the absence of Wnt ligand, the inhibitory complex induces the degra-
dation of  b -catenin and maintains low steady state levels of free  b -catenin either in 
the cytosol or the nucleus. After binding of wnt to its receptor Frizzled,  b -catenin 
translocate to the nucleus and activate the transcription of target genes that are 
involved in carcinogenesis (Fig.  2.4b ).  

 Increased  b -catenin expression or  APC  mutations are present in up to 50% of GC 
specimens when compared with non-transformed gastric mucosa (Tsukashita et al. 
 2003  ) , and the nuclear accumulation of  b -catenin is increased in gastric adenomas 
and foci of dysplasia (Cheng et al.  2004  ) , These studies suggest that, aberrant acti-
vation of  b -catenin precedes the development of GC.  H. pylori  increases the expres-
sion of  b -catenin target genes in colonized mucosa and during co-culture with 
gastric epithelial cells  in vitro.  Therefore, it is likely that the activation of  b -catenin 
signalling is a central component in the regulation of pre-malignant epithelial 
responses to  H. pylori . 

  H. pylori  isogenic mutant studies have revealed that the translocation of CagA 
into gastric epithelial cells induces the nuclear accumulation and functional activa-
tion of  b -catenin (Cheng et al.  2004 ; Franco et al.  2005  ) . Murata-Kamiya et al. 
 (  2007  )  demonstrated that intracellular CagA interacts with E-cadherin, disrupts the 
formation of E-cadherin– b -catenin complexes and induces nuclear accumulation of 
 b -catenin, all of which are independent of CagA phosphorylation (Fig.  2.4a ). 
Consequences of CagA-dependent  b -catenin activation include the upregulation of 
target genes that infl uence GC, such as caudal type homeobox 1 ( CDX1 ), which 
encodes a transcription factor that is required for the development of intestinal 
metaplasia (Murata-Kamiya et al.  2007  ) . 

 Recently, additional pathways have been demonstrated to regulate  b -catenin acti-
vation in response to  H. pylori . Activation of Pi3K and AKT leads to the phospho-
rylation and inactivation of GSK3 b , permitting  b -catenin to accumulate in the 
cytosol and the nucleus. A recent study have shown that CagA Cm motifs interact 
with mET, leading to the sustained induction of Pi3K–AKT signalling in response 
to  H. pylori  and the subsequent activation of  b -catenin  in vitro  and  in vivo  (Fig.  2.4b ) 
(Suzuki et al.  2009  )  
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 Studies focused on Pi3K and AKT have revealed that other  H. pylori  constituents 
may also infl uence  b -catenin activation. Nakayama et al.  (  2009  )  reported that vacA 
can activate Pi3K-dependent  b -catenin activation, and oipA has also been impli-
cated in aberrant nuclear localization of  b -catenin, although the specifi c mechanism 
underpinning this observation has not yet been delineated.  
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  Fig. 2.4    Aberrant  b -catenin activation by  Helicobacter pylori.  ( a ) Membrane-bound  b -catenin 
links cadherin receptors to the actin cytoskeleton, and in non-transformed epithelial cells  b -catenin 
is primarily localized to E-cadherin complexes. Cytoplasmic  b -catenin is a downstream compo-
nent of the Wnt pathway; in the absence of Wnt, cytosolic  b -catenin remains bound within a multi-
protein inhibitory complex comprised of glycogen synthase kinase-3 b  ( GSK3 b  ), the adenomatous 
polyposis coli ( APC ) tumour suppressor protein and axin. Under unstimulated conditions,  b -catenin 
is phosphorylated ( P ) by GSK3 b , ubiquitylated and degraded. ( b ) Binding of Wnt to its receptor, 
Frizzled ( FRZ ;  lower panel ), activates dishevelled ( DSH ) and Wnt co-receptors, low density lipo-
protein receptor-related protein 5 ( LRP5 ) and LRP6, which then interact with axin and other mem-
bers of the inhibitory complex, leading to the inhibition of the kinase activity of GSK3 b 141. These 
events inhibit the degradation of  b -catenin, leading to its nuclear accumulation and formation of 
heterodimers with the transcription factor lymphocyte enhancer factor/T cell factor ( LEF/TCF ), 
resulting in the transcriptional activation of target genes that infl uence carcinogenesis. Injection of 
CagA results in the dispersal of  b -catenin from  b -catenin–E-cadherin complexes at the cell mem-
brane, allowing  b -catenin to accumulate in the cytosol and nucleus. CagA, potentially by binding 
MET or other  H. pylori  constituents such as OipA, VacA and peptidoglycan ( PGN ) as well as 
TNF a , which is produced by infi ltrating macrophages, can activate PI3K, leading to the phospho-
rylation and inactivation of GSK3 b . This liberates  b -catenin to translocate to the nucleus and 
upregulate genes, leading to increased proliferation and aberrant differentiation;  TNFR  TNF 
receptor       
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    2.5.3   Transactivation of EGFR by  H. pylori  

 EGFR is an important target for the treatment of several malignancies other than 
gastrointestinal cancers. Phosphorylation and activation of EGFR increases the 
transcriptional activity of  b -catenin by the inactivation of GSK3 b .  H. pylori  infec-
tion, gastric epithelial hyperplasia and gastric atrophy are strongly linked to the 
dysregulation of EGFR and/or cognate ligands, such as heparin-binding EGF-like 
growth factor (HbEGF) in human animal and cell culture models (Romano et al. 
 1998 ; Wong et al.  2001  ) . The  in vitro  transactivation of EGFR by  H. pylori  is depen-
dent on genes in the  cag  pathogenicity island and secreted proteins as well as host 
factors such as TLR4 and NoD1 (Keates et al.  2005 ; Basu et al.  2008  ) . 

 EGFR can be activated by direct interaction with ligands, which initiate 
dimerization and increased kinase activity (Fig.  2.5 ). Cytokines, such as TNF a , 
and other stimuli are present in the gastric mucosa following  H. pylori  infection 
(D’Elios et al.  1997a  )  and transactivate EGFR in gastric epithelial cells (Pece and 
Gutkind  2000  ) . EGFR transactivation by these elements is mediated through met-
alloproteinase-dependent cleavage of EGFR (Erbb family) ligands in a manner 
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  Fig. 2.5    eGFr transactivation by H. pylori and induced cellular effects with carcinogenic potential. 
 H. pylori  transactivates epidermal growth factor receptor ( EGFR ) through cleavage, which is 
dependent on a disintegrin and metalloproteinase ( ADAM ) family proteinases, of EGFR ligands, 
such as heparin-binding EGF-like growth factor ( HBEGF ) in gastric epithelial cells. One down-
stream target of EGFR transactivation is PI3K–AKT, which leads to AKT-dependent cell migration, 
inhibition of apoptosis and  b -catenin activation.  BAX  BCL-2-associated X protein,  GSK3 b   glycogen 
synthase kinase-3 b        
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similar to  H. pylori  induced EGFR transactivation (Pece and Gutkind  2000  ) . The 
required metalloproteinases are likely to be members of disintegrin and metallo-
proteinase (ADAm) family.  

 Given a requirement for metalloproteinase activity in  H. pylori  initiated HbEGF 
release, ADAm17, a multidomain type I transmembrane protein that contains an 
extracellular zinc-dependent protease domain is an ideal candidate enzyme for the 
regulation of this pathway (Pece and Gutkind  2000  ) . ADAm17 was the fi rst ADAm 
to have a defi ned physiological substrate, the precursor transmembrane form of 
TNF a . In fact inhibitors of ADAm17 block the release of soluble TNF a . 

 Although ADAm17 is ubiquitously expressed in the gastrointestinal tract and is 
a target of drug development for infl ammatory conditions, the disorganized and 
infl amed nature of the gastrointestinal tract that develops in ADAm17-defi cient 
mice suggests that this metalloproteinase may also have an important role in gut 
epithelial homeostasis, perhaps through the regulation of EGFR ligands (Sunnarborg 
et al.  2002  ) . Therefore, a better understanding of the function of ADAm17 during 
 H. pylori -induced gastric epithelial injury could provide insights into its potential 
role in gastric carcinogenesis. 

  H. pylori  specifi cally amplifi es EGFR signalling by both activating EGFR and 
decreasing EGFR degradation by blocking endocytosis (Bauer et al.  2009  ) . The 
transactivation of EGFR by this pathogen mediates several cellular responses with 
pre-malignant potential (Fig.  2.5 ). Alterations in apoptosis have been implicated in 
the pathogenesis of  H. pylori  induced injury before the development of GC and the 
ability of  H. pylori  to induce apoptosis in gastric epithelial cells has been well dem-
onstrated  in vitro  (Cover et al.  2003  )  However, chronically infected mongolian ger-
bils harbouring  cag+ strains exhibit increased gastric epithelial cell proliferation 
without a concordant increase in apoptosis (Peek et al.  2000  )  which may contribute 
to the augmented risk for gastric cancer that is associated with  cag +strains. 

  H. pylori  has been shown to induce anti-apoptotic pathways in gastric epithelial 
cells through  cag  mediated EGFR transactivation (Maeda et al.  2002  )  (Fig.  2.5 ). 
Altered cell polarity and migration are phenotypic responses to  H. pylori  infection. 
Although they may acutely promote gastric mucosal repair, long term stimulation of 
these responses has been linked to transformation and tumorigenesis (Nagy et al. 
 2009  ) . 

 As the biological responses to EGFR activation include increased proliferation, 
reduced apoptosis, the disruption of cell polarity and enhanced migration, transacti-
vation of EGFR by  H. pylori  is an attractive target for studying early events that may 
precede transformation.  

    2.5.4    H. pylori , Gastric Autoimmunity and Gastric Atrophy 

 A strong association between  H. pylori  infection and gastric autoimmunity has 
been highlighted by a number of clinical and epidemiological studies indicating 
that most of patients with autoimmune gastritis (AIG) have or had  H. pylori  infection 
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(D’Elios et al.  2004  ) .  H. pylori  associated autoimmune gastritis is characterized by 
an infl ammatory infi ltrate of the gastric mucosa, including T cells, macrophages 
and B cells. It mainly affects the corpus and the fundus, and it is accompanied by 
loss of gastric parietal and zymogenic cells. We have characterized at molecular 
level the gastric T-cell mediated responses to  H. pylori  and to the H + , K + -ATPase 
autoantigen in a series of  H. pylori -infected patients with gastric autoimmunity 
(Amedei et al.  2003  )  (Fig.  2.6 ).  

 Among gastric Th clones, a number proliferated to  H. pylori , but not to the 
 H. pylori  proteins CagA, VacA, hsp, urease nor to H + , K + -ATPase. Some other Th 
clones proliferated to H + , K + -ATPase and not to  H. pylori  (autoreactive), and a third 
group of clones was found that proliferated to both  H. pylori  and H + , K + -ATPase 
(cross-reactive) (Amedei et al.  2003  ) . All the Th clones able to proliferate to H + , 
K + -ATPase were studied for their ability to respond to the 261 overlapping 15-mer 
peptides covering the amino acid sequence of  a  and  b  chain of the human H + , K + -
ATPase. In the series of cross-reactive Th clones 11 recognized their epitope in the 

  Fig. 2.6    Different effector functions of T cells in  H. pylori -related gastric lymphoma and gastric 
autoimmunity. T cells are essential for defence against infection, but inappropriate Th responses 
can be harmful for the host. In  H. pylori -infected patients with gastric lymphoma, gastric  H. pylori -
specifi c Th cells display defi cient cytotoxic control (both perforin and Fas-Fas-ligand mediated) of 
B-cell growth. Such cytolytic defects, associated with the chronic delivery of costimulatory signals 
by Th cells and by the production of cytokines with B-cell growth factor activity, together with 
chronic exposure to  H. pylori  antigens, would result in overgrowth of B cells of gastric low-grade 
MALT B-cell lymphoma. Conversely,  H. pylori  induces gastric autoimmunity via molecular mim-
icry by the expansion of  H. pylori -specifi c T cells that cross-react with H + ,K + -ATPase epitopes. 
Cross-reactive T cells would result in destruction of gastric mucosa, by the long-lasting activation 
of both Fas-ligand ( FasL )-induced apoptosis and perforin-mediated cytotoxicity       
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 a  chain and two clones in the  b  chain. In the subgroup of autoreactive Th clones 6 
recognized their epitope in the  a  chain and 9 in the  b  chain of the proton pump. 
Therefore, some “shared” H + , K + -ATPase epitopes, mainly in the  a  chain, are cross-
reactive with epitopes of  H. pylori  antigens, whereas others can be considered as 
“private” epitopes of H + , K + -ATPase. A cross-reactive  H. pylori  peptide could be 
found for each of the 10 H + , K + -ATPase/ H. pylori  cross-reactive gastric Th clones. 
Overall, that study led to the identifi cation of nine different  H. pylori  proteins (such 
as lipopolysaccharide biosynthesis protein, histidine kinase, porphobilinogen deam-
inase, dimethyl-adenosine transferase, glucose-inhibited division protein A, VirB4 
homolog, phosphoglucosamine mutase, acetate kinase, penicillin-binding protein-2) 
each harboring a T-cell peptide suitable for cross-reaction with T-cell epitopes of 
gastric H + , K + -ATPase  a  chain. Interestingly, none of the bacterial epitopes recog-
nized by cross-reactive Th clones belong to the known  H. pylori  immunodominant 
antigens, such as CagA, VacA and urease, which are major targets of gastric T-cell 
responses in  H. pylori  infected patients with peptic ulcer (D’Elios et al.  1997a  ) . Two 
possibilities can be considered: these peptides are implicated in cross-reactivity 
because of their structural properties or alternatively a physiological relevance 
implicating these particular nine proteins can be postulated. All the cross-reactive 
and autoreactive H + , K + -ATPase-specifi c Th clones after activation were able to 
induce cell death via either Fas–Fas ligand-mediated apoptosis or perforin-mediated 
cytotoxicity against target cells (Amedei et al.  2003  ) . This ability to induce apopto-
sis in T cells might give a selective advantage that can promote survival and persis-
tence of bacteria, allowing  H. pylori  to escape the host immune response. On the 
other hand, the relevance of cross-reactive and autoreactive cytolytic Th effector 
cells in the genesis of AIG is consistent with data in the mouse model that Fas-
related death is required for the development of full-blown destructive autoimmune 
gastritis (Marshall et al.  2002  ) . Based on these results, it is tempting to speculate 
that in the “gastric autoimmune infl ammatory scenario” in which cross-reactive and 
autoreactive Th clones are activated, parietal cells might become target of the pro-
apoptotic and cytotoxic activity of cross-reactive and autoreactive gastric Th cells. 
The end point of this process would be gastric atrophy, which might lead to gastric 
cancer.   

    2.6    H. pylori  and Immunity in MALT Lymphoma 

 Extranodal marginal zone B cell lymphoma of mucosa-associated lymphoid tissue 
(MALT lymphoma) represents the third commonest form of non-Hodgkin lym-
phoma (Armitage  1997 ; Du  2007  ) . The most frequent site of MALT lymphomas is 
the stomach, where they were fi rst recognized as a distinct entity (Isaacson and 
Wright  1983  ) . A link of  H. pylori  infection with gastric MALT lymphoma was pro-
vided by the identifi cation of  H. pylori  in the majority of the lymphoma specimens 
(Wotherspoon et al.  1991  ) .  H. pylori  related low-grade gastric MALT lymphoma 
represents a model for studying the interplay between chronic infection, immune 
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response, and lymphoma genesis (Fig.  2.6 ). This lymphoma represents the fi rst 
described neoplasia susceptible of regression following antibiotic therapy resulting 
in  H. pylori  eradication (Wotherspoon et al.  1991  ) . A prerequisite for lymphoma 
genesis is the development of secondary infl ammatory MALT induced by  H. pylori . 
Tumour cells of low-grade gastric MALT lymphoma (MALToma) are memory 
B cells still responsive to differentiation signals, such as CD40 costimulation and 
cytokines produced by antigen-stimulated Th cells, and dependent for their growth 
on the stimulation by  H. pylori  specifi c T cells (Hussell et al.  1993,   1996 ; Greiner 
et al.  1997 ; D’Elios et al.  1999  ) . In early phases, this tumour is sensitive to with-
drawal of  H. pylori  induced T-cell help, providing an explanation for both the 
tumour’s tendency to remain localized to its primary site and its regression after 
 H. pylori  eradication. The analysis of the antigen induced B-cell help exerted by 
 H. pylori  reactive gastric T-cell clones provided detailed information on the molecu-
lar and cellular mechanisms associated with the onset of low-grade gastric 
MALToma. In the stomach of MALToma patients, a high percentage of Th cells 
were specifi c for  H. pylori  (between 3% and 20% in each case). In particular, 25% 
were specifi c for urease, 4% for VacA, and none for CagA or HSP; 71% of Th 
clones proliferated in response to  H. pylori  antigens, different from Urease, CagA, 
VacA, or HSP (D’Elios et al.  1999  ) . Each  H. pylori -specifi c Th clone derived from 
gastric MALToma produced IL-2 and a variety of B-cell-stimulating cytokines, 
such as IL-4 and IL-13 (D’Elios et al.  1999  ) .  In vitro  stimulation with the appropri-
ate  H. pylori  antigens induced  H. pylori  specifi c Th clones derived from gastric 
MALToma to express powerful help for B-cell activation and proliferation (D’Elios 
et al.  1999  ) . B cells from MALToma patients proliferate in response to  H. pylori , but 
the B-cell proliferation induced by  H. pylori  antigens was strictly T-cell-dependent 
because it could not take place with  H. pylori  and without T helper cells (D’Elios 
et al.  1999,   2003 ; Bergman and D’Elios  2010  ) . In chronic gastritis patients, either 
with or without ulcer, the helper function towards B cells exerted by  H. pylori  anti-
gen-stimulated gastric T-cell clones was negatively regulated by the concomitant 
cytolytic killing of B cells (D’Elios et al.  1997a  ) . In contrast, gastric T-cell clones 
from MALToma were unable to down modulate their antigen-induced help for 
B-cell proliferation. Indeed, none of these clones was able to express perforin-
mediated cytotoxicity against autologous B cells. Moreover, the majority of Th 
clones from uncomplicated chronic gastritis induced Fas-Fas ligand mediated apop-
tosis in target cells, whereas only a small fraction of  H. pylori  specifi c gastric clones 
from MALToma were able to induce apoptosis in target cells, including autologous 
B cells (D’Elios et al.  1999  ) . Both defective perforin mediated cytotoxicity and poor 
ability to induce Fas-Fas ligand mediated apoptosis were restricted to MALToma-
infi ltrating T cells, since  H. pylori -specifi c Th cells derived from the peripheral 
blood of the same patients expressed the same cytolytic potential and proapoptotic 
activity as that shown by Th cells from chronic gastritis patients (D’Elios et al. 
 1999  ) . Accordingly, mice lacking T cell and NK cell cytotoxic effector pathways 
have also been shown to develop spontaneous tumours (Swann and Smyth  2007 ; 
Trapani and Smyth  2002 ; Smyth et al.  2000 ; Street et al.  2001,   2002,   2004 ; 
Zerafa et al.  2005 ; Davidson et al.  1998 ; Liu et al.  2004 ; Mitra-Kaushik et al.  2004 ). 
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For example, mice that lack perforin, a cytotoxic molecule used by cytotoxic cells 
such as CD8 +  T cells and NK cells to form membrane pores in target cells, develop 
lymphomas with age. These spontaneous lymphomas are of B cell origin, develop 
in older mice (>1 year of age) regardless of the mouse strain (Smyth et al.  2000 ; 
Street et al.  2002  ) , and when transplanted into WT mice, are rejected by CD8 +  
T cells (Smyth et al.  2000  ) . B cell lymphomas also arise in mice lacking both perforin 
and   b   

2
  m, and tumour onset is earlier and occurs with increased prevalence com-

pared with mice lacking only perforin. In addition, B cell lymphomas derived from 
mice lacking both perforin and   b   

2
  m are rejected by either NK cells or   g  d   T cells 

following transplantation to WT mice, rather than by CD8 +  T cells (as in tumours 
derived from mice lacking only perforin), demonstrating that cell surface expres-
sion of MHC class I molecules by tumour cells can be an important factor in deter-
mining which effector cells mediate immune protective effects (Street et al.  2004  ) . 
Intriguingly, mutations in the gene encoding perforin have also been identifi ed in 
subsets of lymphoma patients (Clementi et al.  2005  ) , although it is not clear whether 
this contributes to disease. Mice lacking the death-inducing molecule TNF-related 
apoptosis inducing ligand (TRAIL) or expressing a defective mutant form of the death-
inducing molecule FasL have also been shown to be susceptible to spontaneous 
lymphomas that develop with late onset (Zerafa et al.  2005 ; Davidson et al.  1998  ) . 
These aging studies have clearly demonstrated a critical role for cytotoxic pathways 
in immunoregulation and/or immunosuppression of spontaneous tumour develop-
ment in mice. The reason why gastric T cells of MALToma, while delivering power-
ful help to B cells, are defi cient in mechanisms involved in the control of B-cell 
growth still remains unclear. It has been shown that VacA toxin inhibits antigen 
processing in APCs and T cells, but not the exocytosis of perforin-containing gran-
ules of NK cells (Molinari et al.  1998 ; Boncristiano et al.  2003  ) . It is possible that, 
in some  H. pylori -infected individuals, some bacterial components affect the devel-
opment or the expression in gastric T cells of regulatory cytotoxic mechanisms on 
B-cell proliferation, allowing exhaustive and unbalanced B-cell help and lymphoma 
genesis to occur (D’Elios et al.  1999 ; Lehours et al.  2004,   2009  ) .  

    2.7   Conclusion 

  H. pylori  is an important organism and, while it may not cause any clinical prob-
lems in most infected patients, it has the potential to leave the host with devastat-
ing consequences.  Helicobacter pylori  is able to induce a huge variety of responses 
in the stomach, due to host genetics, age, sex, different bacterial and environmen-
tal factors, or other concomitant infections. Sporadic gastric cancer is a common 
cancer with a grave prognosis, particularly in China, South America, Eastern 
Europe, Korea, and Japan. A major advance in the fi ght against this global killer 
came with the recognition of the role of  H. pylori  infection in its pathogenesis and 
the acquisition of new techniques and biological markers to identify high risk 
subpopulations. 
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 The cancer represents a classic example of an infl ammation induced malignancy. 
Host genetic factors interacting with bacterial virulence and environmental factors 
play an important role in the pathogenesis of cancer. 

 In this chapter we have analyzed the different ways in which  H. pylori  can con-
tribute to both gastric cancer, as the consequences of  H. pylori  infection on the 
integrity of DNA in the host cells, and gastric MALT lymphoma. 

 By down-regulating major DNA repair pathways,  H. pylori  infection has the 
potential to generate mutations. In addition,  H. pylori  infection can induce direct 
changes on the DNA of the host, such as oxidative damage, methylation, chromo-
somal instability, microsatellite instability, and mutations. It’s very interesting that 
 H. pylori  infection can generate genetic instability not only in nuclear but also in 
mitochondrial DNA. 

 Based on the analyzed literature we can declare that  H. pylori  infection promotes 
gastric carcinogenesis by at least three different mechanisms: (I) a combination of 
increased endogenous DNA damage and decreased repair activities, (II) induction 
of mutations in the mitochondrial DNA, and (III) generation of a transient mutator 
phenotype that induces mutations in the nuclear genome. 

 In addition,  H. pylori  can directly help the gastric carcinogenesis by some com-
ponent such as CagA, that as mentioned previously in detail, may not promote can-
cer itself, but the exposure to them and infl ammatory insults may select for heritable 
host cell changes (genetic or epigenetic) that together contribute to cancer progres-
sion. Several epidemiological studies have evidenced that another  H. pylori  protein, 
vacA, is linking to gastric cancer.  H. pylori  strains that express forms of vacA that 
are active  in vitro  are associated with a higher risk of gastric cancer than the strains 
that express inactive forms of vacA and this relationship is consistent with studies 
that have examined the distribution of  vacA  genotypes throughout the world; in the 
regions that have high rate of distal gastric cancer, such as Colombia and Japan, 
most  H. pylori  strains contain  vacA  s1 and m1 alleles. 

 Host factors in particular, genetic polymorphisms in the adaptive and innate immune 
response genes seem to increase the risk of gastric cancer, largely through induction of 
severe gastritis, which progresses to atrophy and hypochlorhydria. As noted previously, 
the most relevant and consistent genetic factors, among those considered and analyzed 
in the literature, uncovered thus far are in the IL-1 and TNF-A gene clusters. These 
cytokines appear to play a key role in the pathophysiology of gastric cancer and their 
roles have been confi rmed in animal models that mimic human gastric neoplasia. 

 Furthermore, the cytolytic and helper effector functions of gastric  H. pylori  spe-
cifi c T cells are extremely different between patients with autoimmune gastritis or 
MALT lymphoma. In some patients, due to genetic and environmental factors 
not yet fully elucidated,  H. pylori  infection triggers an abnormal activation at gas-
tric level of cytotoxic, and proapoptotic cross-reactive T cells leading to gastric 
autoimmunity via molecular mimicry. Conversely in a minority of infected patients, 
 H. pylori  is able to induce the development of specifi c T cells defective of both 
perforin- and Fas ligand-mediated cytotoxicity, which consequently promotes both 
B-cell overgrowth and exhaustive B-cell proliferation, fi nally leading to the onset of 
low-grade gastric MALT lymphoma. 
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 In conclusion, future research must focus on defi ning a more comprehensive 
genetic profi le (human and bacterial) that better predicts the clinical outcome of 
 H. pylori  infection, including gastric cancer and gastric lymphoma. Besides, the 
delineation of pathways activated by  H. pylori -human interactions will not only 
improve our understanding of gastric carcinogenesis and lymphoma genesis, but 
will also facilitate identifi cation of potential therapeutic targets for prevention and 
more effective treatment of these malignant diseases.      
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  Abstract   The most salient feature of  Streptococcus bovis  (SB) is its clinical 
association with malignancy of the colon and rectum. The relationship between SB 
and colorectal cancer (CRC) was already recognized in the 1950s and many case 
reports and retrospective studies on this association have been published since then. 
SB is an opportunistic pathogen that normally resides asymptomatically in the 
human intestinal tract. In compromised individuals, however, this bacterium can 
cause systemic infections most often presenting as bacterial endocarditis. 
Investigators reported the presence of colorectal tumours in up to 60% of the cases 
in which a patient was diagnosed with SB endocarditis or bacteremia. Therefore, 
these infections are nowadays often regarded as indication for full bowel examina-
tion in clinical practice. Importantly, recent studies have indicated that the associa-
tion between  S. gallolyticus  subsp  gallolyticus  (previously called SB biotype I) with 
CRC seems much more pronounced than that of other known SB biotypes. 
Nevertheless, the question whether SB has a causal or predominantly incidental 
involvement with cancer of the colon remains to be answered. Furthermore, still 
little is known about the precise molecular mechanisms that determine this specifi c 
relationship. This chapter aims to summarize the literature on this subject and to 
illustrate possible mechanisms behind the association of SB with CRC.  
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  CRC    Colorectal cancer   
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  IBD    Infl ammatory bowel disease   
  IC-TOF MS    Immunocapture time-of-fl ight mass spectrometry   
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    3.1   Colorectal Cancer and Microbial Agents 

 Colorectal cancer (CRC) is the third most common cancer for men and women in 
Western society. It is estimated that nearly 150,000 cases were newly diagnosed and 
50,000 persons died of this disease in year 2009 in the USA (Horner et al.  2009  ) . 
The temporal and geographic variations in CRC incidence in US whites and blacks 
(Horner et al.  2009  )  and among immigrants (Curado et al.  2007  )  are best explained 
by environmental factors rather than genetic predisposition. According to Dr. Parkin’s 
estimate (Parkin  2006  ) , 17.8% of the worldwide cancer incidence is attributable to 
infectious agents, resulting in approximately 1.9 million cases per year. These 
include a variety of infectious agents: parasites such as  Schistosoma haematobium  
and  Opisthorchis viverrini , bacteria, such as  Helicobacter pylori  (HP), and, viruses, 
such as Epstein-Barr virus, Hepatitis virus, and Human herpes, papilloma (HPV), 
polyma and retro-viruses (IARC  1994 ; Persing and Prendergast  1999 ; Del Valle 
et al.  2002  ) . Several mechanisms have been proposed, including direct effects on 
host cell proliferation and communication pathways, impairment of host immune 
system, induction of genomic instability and chronic infl ammation (Herrera et al. 
 2005  ) . Chronic infl ammation often accompanies increased host cell turnover, which 
increases the probability of mutagenic events, and enhanced formation of reactive 
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oxygen and nitrogen species that damage DNA and induce genomic instability 
(Coussens and Werb  2002 ; Blaser  2008 ; Hussain and Harris  2007 ; Terzić et al. 
 2010  ) . Thus, infl ammatory responses play decisive roles at different stages of 
tumour development, including initiation, promotion, malignant conversion, inva-
sion, and metastasis (   Grivennikov et al.  2007  ) . Genomic instability may arise from 
inactivation of DNA mismatch repair (MMR) system (MSH1/2), which leads to the 
development of a specifi c molecular subtype of CRC termed microsatellite insta-
bility high (MSI-H) (Jass  2007  ) . MSI has been observed frequently in long standing 
ulcerative colitis mucosa (Ishitsuka et al.  2001  )  as well as in HP-positive gas-
tric cancer (Li et al.  2005  )  and MSH2 defi cient mice are susceptible to infl ammation 
associated colorectal tumours (Kohonen-Corish et al.  2002  ) . In addition, overex-
pression of a COX-2 receptor protein has been characterized for MSI-H tumours 
(Baba et al.  2010  ) . The large bowel is indeed the natural habitat for a large, dynamic 
and highly competitive bacterial community, which is essential for the control of 
intestinal epithelial homeostasis and human health. Strikingly, the increase in bacte-
rial colonization from the ileum to the colon (six orders of magnitude; Stone and 
Papas  1997  ) , is paralleled by a marked difference in cancer incidence (by at least a 
factor of 30) between the small and large intestines. Although bacterial etiologies in 
sporadic CRC have never been fi rmly established in humans, studies in germ free 
mice suggest that intestinal bacteria are indeed required for colorectal carcinogen-
esis in model systems (Hope et al.  2005 ; Sinicrope  2007  ) . Finally, there is good 
evidence that aspirin and non-steroidal anti-infl ammatory drugs (NSAIDs) reduce 
the risk of CRC and its precursor (Rostom et al.  2007 ; Dubé et al.  2007  ) .  

    3.2   Microbiological Characteristics of  Streptococcus bovis  

  Streptococcus bovis  (SB) is a gram-positive bacterium and lower-grade opportunis-
tic pathogen that can cause systemic infections (endocarditis or bacteraemia) in 
humans. It is a group D streptococcus with the specifi c ability to grow in 40% bile 
(Moellering et al.  1974 ; Roberts  1992  ) . The classifi cation and identifi cation of SB 
has been problematic for a long time. Based on phenotypic diversity, three SB bio-
types (I, II/1, and II/2) have been reported. Recently, based on biochemical traits, 
DNA homology and divergence in 16S rRNA sequences, Schlegel et al.  (  2004  )  sug-
gested to rename SB I into  S. gallolyticus  subsp.  gallolyticus  (SGG), to divide SB 
biotype II/1 strains into (i)  S. infantarius  subsp . coli  (SIC) and (ii)  S. infantarius  
subsp . infantarius  (SII) and to rename SB II/2 into  S. gallolyticus  subsp.  pasteur-
ianus  (SGP; see Table  3.1 ). In addition, the closely related non-pathogenic strain 
 Streptococcus macedonicus  was reclassifi ed as  S. gallolyticus  subsp.  macedonicus  
(SGM). Earlier studies suggest that SGG and SII are the most commonly isolated 
pathogens from the SB group, with the former being the more virulent in humans 
and more often associated with endocarditis (Corredoira et al.  2008a  ) . In a recent 
reexamination of SB bacteremias in a 20-year period in France, the association of 
colon tumours with SGG was found to be ~50% versus 11% for SII. Strikingly, 
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however, for non-colonic cancer the association was 6% for SGG versus 57% for SII. 
Most of the non-colonic cancers associated with SII were of the pancreas and biliary 
tract (Corredoira et al.  2008b  ) . Because of the lack of unifi ed terminology informa-
tion in literature, we refer to both SGG and SII as SB in the rest of this chapter.   

    3.3   Association of SB with Colorectal Disease 

 Although SB is a member of normal gastrointestinal fl ora in ruminants, e.g., cattle, 
sheep, horses, pigs, camels and deers (Ghali et al.  2004  ) , it can also found in human 
feces as well as gastric biopsy materials (Schlegel et al.  2000 ; Ribeiro et al.  2004  ) . 
Approximately 10% of healthy individuals have been estimated to carry this bacte-
rium asymptomatically in their digestive tract (Schlegel et al.  2000  ) . While fecal-
oral or oral-oral is a possible transmission route between humans, it may be acquired 
through dietary intake of ruminant-derived foods, such as unpasteurized dairy prod-
ucts (Randazzo et al.  2006  ) , red meat and animal organs (Schlegel et al.  2000  ) . In 
fact SB is a frequently detected contaminant in commercially available meat 
(Knudtson and Hartman  1993 ; Thian and Hartman  1981  ) . The correlation between 
SB and colonic disease has long been recognized. Besides case-reports for the 
patients who were diagnosed with asymptomatic colorectal neoplasia simultane-
ously with SB endocarditis or bacteremia (McMahon et al.  1991 ; Nielsen et al. 
 2007 ; Wentling et al.  2006 ; Gupta et al.  2010 ; Kahveci et al.  2010 ; Kim et al.  2010  ) , 
investigators have reported increased prevalence of colorectal tumours (cancer and 
polyps) among patients diagnosed with SB endocarditis or bacteremia. As summarized 
in the Table  3.2 , the prevalence of colorectal tumours ranges from 10% to 60% (Corredoira 
et al.  2005,   2008a ; Murray and Roberts  1978 ; Klein et al.  1979 ; Reynolds et al. 
 1983 ; Pigrau et al.  1988 ; Ruoff et al.  1989 ; Clarridge et al.  2001 ; Gonzlez-Quintela 
et al.  2001 ; Gold et al.  2004 ; Lee et al.  2003 ; Zarkin et al.  1990 ; Jean et al.  2004 ; 
Alazmi et al.  2006 ; Giannitsioti et al.  2007 ; Beck et al.  2008 ; Vaska and Faoagali 
 2009  ) , although these are based on diverse study populations in terms of patient 
demographics and colorectal surveillance methods. These variations may also be due 
to the heterogenous defi nition of the cases, as adenomas have been defi ned as dis-
eased in some studies but not in others (   Boleij et al.  2009b  ) . None of these studies, 
however, have evaluated their results in comparison with expected frequencies in 
the general population. The second set of evidence is derived from studies comparing 

   Table 3.1    Reappraisal of SB nomenclature   

 New name  Old name  Association with CRC 

  S. gallolyticus  subsp.  gallolyticus  (SGG)   S. bovis  biotype I  ++++ 
  S. infantarius  subsp.  infantarius  (SII)   S. bovis  biotype II/1  ++ 
  S. infantarius  subsp.  coli  (SIC)   S. bovis  biotype II/1  ++ 
  S. gallolyticus  subsp.  pasteurianus  (SGP)   S. bovis  biotype II/2  + 
  S. gallolyticus  subsp.  macedonicus  (SGM)   S. macedonicus   – 
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SB prevalence among various patient groups with or without colonic diseases 
(Table  3.3 ) (Klein et al.  1977 ; Burns et al.  1985 ; Darjee and Gibb  1993 ; Dubrow 
et al.  1991 ; Potter et al.  1998 ; Teitelbaum and Triantafyllopoulou  2006 ; Tjalsma 
et al.  2006 ; Abdulamir et al.  2009  ) . While three small studies including 13–46 con-
trols and corresponding 11 CRC, 47 pediatric infl ammatory bowel disease (IBD) 
and 56 polyp patients failed to show any association (Dubrow et al.  1991 ; Potter 
et al.  1998 ; Teitelbaum and Triantafyllopoulou  2006  ) , fi ve other studies found SB 
carriage (either in stool or antibodies) rates were signifi cantly higher in cancer 
patients than in controls. Interestingly, three studies also showed that patients with 
premalignant lesions (IBD or polyps) had intermediate SB carriage rate between 
cancer cases and controls (Klein et al.  1977 ; Teitelbaum and Triantafyllopoulou 
 2006 ; Tjalsma et al.  2006  ) . For an update, see our recent literature-based meta-
analysis on the association between  S. bovis  and CRC (Boleij et al.  2011 ).     

    3.4   Potential Mechanisms in Carcinogenesis 

 Despite observations discussed above, implications of SB infection on CRC remain 
largely elusive. There are several possible interpretations that are not necessarily 
mutually exclusive. First, it has been hypothesized that colorectal neoplastic sites 
provide a specifi c niche for SB resulting in sustained colonization, survival, and the 

   Table 3.2    Summary of studies among SB bacteremia patients   

 Author (year)  Study location  Patients (n) 

 Detected colorectal 
adenomas and 
carcinomas 

 n  % 

 Murray and Roberts  (  1978  )   USA  36  4  11% 
 Klein et al.  1979   USA  29  15  52% 
 Reynolds et al.  (  1983  )   USA  19  7  37% 
 Pigrau et al.  (  1988  )   Spain  16  1   6% 
 Ruoff et al.  (  1989  )   USA  38  15  39% 
 Zarkin et al.  (  1990  )   USA  43  16  37% 
 Clarridge et al.  (  2001  )   USA  12  1   8% 
 Gonzlez-Quintela et al.  (  2001  )   Spain  20  6  30% 
 Lee et al.  (  2003  )   Hong Kong  37  4  11% 
 Gold et al.  (  2004  )   USA  45  17  38% 
 Jean et al.  (  2004  )   Taiwan  19  9  47% 
 Corredoira et al.  (  2005  )   Spain  124  54  44% 
 Alazmi et al.  (  2006  )   USA  46  6  13% 
 Giannitsioti et al.  (  2007  )  a   France  142  70  49% 
 Corredoira et al.  (  2008a )     Spain  107  42  40% 
 Beck et al.  (  2008  )   Germany  15  7  47% 
 Vaska and Faoagali  (  2009  )   Australia  20  12  60% 

   a Include other benign lesions e.g., diverticulosis and colitis  
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establishment of a local tumour-associated (clinically silent) infection. Second, 
silent SB infection itself possibly promotes colorectal carcinogenesis, which has 
been supported by several experimental studies. Administration of SB or SB wall 
extracted antigens in rodents increases the formation of colorectal precursor lesions 
in a chemical carcinogenesis model (Ellmerich et al.  2000a  ) . This was accompanied 
by increased expression of proliferative markers and enhanced interleukin IL-8 pro-
duction in normal colonic mucosa of SB-injected animals. SB wall antigens are 
capable of adhering to various types of human cells, including GI-epithelial, 
endothelial and blood cells, as well as to extracellular matrix and induce IL-8 syn-
thesis (Ellmerich et al.  2000b  ) . In fact, increased IL-8 positive cells have been 
reported in SB seropositive human CRC cases compared with SB-seronegative 
cases (Abdulamir et al.  2009  ) . IL-8 is a pro-infl ammatory cytokine which also pos-
sesses mitogenic and angiogenic properties. It increases oxidative/ nitrosative stress 
and mediate the formation of carcinogenic compounds in gastrointestinal mucosa/
lumen (Federico et al.  2007 ; Vermeer et al.  2004 ; Hussain and Harris  2007  ) . IL-8 
also leads to cyclooxygenase (COX)-2 overexpression (Biarc et al.  2004  ) . COX-2 
driven prostaglandin synthesis stimulates cell proliferation, motility and metastatic 
potential, promotes angiogenesis, and induces local immunosuppression (Harris 
 2007 ; Mutoh et al.  2006  ) . On the other hand, selective and non-selective COX-2 
inhibitors reduce the incidence and prevalence of colorectal polyps (Steinbach et al. 
 2000 ; Logan et al.  2008  ) . Importantly, increased COX-2 expression has been 
demonstrated in rodent infectious colorectal carcinogenesis models (Skinn et al. 
 2006 ; Newman et al.  2001 ; Balish and Warner  2002 ; Wang and Huycke  2007  ) . The 
induction of COX-2 by SB in colon tissue has been reported for a rat model (Biarc 
et al.  2004  )  and may also occur in humans (Fig.  3.1 ). These enhanced COX-2 activi-
ties may also exert synergistic effects with other enzymes sharing substrates (e.g., CYP1 
family) in metabolic activation of diet-derived carcinogens, such as polycyclic 
aromatic hydrocarbons (PAH) found in cooked meat (Wiese et al.  2001 ; Almahmeed 
et al.  2004  ) . Such an enzyme, CYP1A1/B1, is indeed overexpressed in CRC and its 
precursors (McKay et al.  1993 ; Kumarakulasingham et al.  2005 ; Chang et al.  2005  ) . 
This interplay is potentially important because meat consumption is one of the SB 
acquisition routes and because meat-derived PAH can induce intestinal CYP1A1/
B1 (Lampen et al.  2004  ) . In addition, SB can induce matrix metalloproteinases 
(MMPs), e.g., MMP2 and MMP9 (Mungall et al.  2001  ) , that play crucial roles in 
CRC growth and progression (Paduch et al.  2010 ; Sinnamon et al.  2008 ; Kim et al. 
 2009 ; Miyake et al.  2009  ) . Furthermore, SB may also contribute to intra-colonic 
formation of potential carcinogens, e.g., nitroso-compounds (McKnight et al.  1999  ) . 
The human large intestine contains a large amount of nitrogenous residues and 
nitrosating agents from dietary protein, and enzymatic activities of intestinal bacteria, 
e.g., streptococci, mediate these reactions (Hughes et al.  2001 ; Calmels et al.  1996, 
  1988  ) . Intriguingly, consumption of red meat, a presumed route of SB acquisition, 
promotes colonic N-nitrosation via increasing supplies of colonic amine, nitrite and 
arginine (Hughes et al.  2001 ; Bingham et al.  1996,   2002 ; Silvester et al.  1997  ) . 
Notably, large intestinal N-nitrosation does not occur in germ-free animals (Rowland 
et al.  1991  ) .   
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    3.5   SB Serology in CRC Patients 

 Although infections have been recognized as a major preventable cause of human 
cancer (Kuper et al.  2000  ) , bacterial etiologies in sporadic CRC have not been 
established in humans. Notably, SB has indeed been recognized as an infectious 
agent that fulfi lls the criteria for inferring causality to the highest extent among the 
four agents evaluated as a potential cause of CRC in a recent review (Burnett-
Hartman et al.  2008  ) . However, to our knowledge there have been no epidemiologic 
studies properly designed to address this issue. The lack of good serological assays 
for SB infection may have been one of the reasons for scarcity of epidemiologic 
data. Darjee and Gibb  (  1993  )  were the fi rst to monitor increased SB antibody 

  Fig. 3.1    COX-2 induction by SB. ( a ) The induction of COX-2 by SB was measured in HT-29 
colorectal tumour cells  in vitro . SB and HT-29 cells were co-incubated for 0.5, 1, 2 or 4 h. 
Subsequently RNA was extracted for real-time PCR procedures. The relative expression of COX-2 
was determined by real time PCR using GAPDH as endogenous internal control and considered to 
be induced at values greater than 1.5. The  bar graph  shows that SB induces the expression of 
COX-2 after 2 and 4 h which is consistent with previously results in literature (Biarc et al.  2004  ) . 
( b ) The correlation of COX-2 expression and the presence of SB in tumour tissue from 4 CRC 
patients was determined in parallel. The presence of SB was monitored by a nested PCR on the SB 
 sodA  gene. The results are suggestive for a correlation of SB and COX-2 expression  in vivo        
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responses in CRC patients by an ELISA approach. After that, Tjalsma et al.  (  2006, 
  2007  )  established an SB antibody profi ling assay exploiting immunocapture time-
of-fl ight mass spectrometry (IC-TOF MS) (Tjalsma et al.  2008  ) , Abdulamir et al. 
 (  2009  )  also developed an ELISA to monitor SB antibodies in CRC patients and 
controls. As shown in Table  3.3 , stronger associations observed by these approaches 
suggest that antibody assays may be a more powerful tool than fecal culture in 
assessing the associations between this bacterial infection and colorectal disease. 
Furthermore, as infectious agents in general induce a more pronounced immune 
response compared to tumour “self”-antigens, SB antigens could become instru-
mental in the immunodiagnosis of CRC (Tjalsma  2010  ) .  

    3.6   SB and CRC Risk 

 To further investigate the exposure to SB in CRC patients, Boleij et al. ( 2010  ) , 
developed an ELISA based on SB antigen RpL7/L12, previously assigned as a diag-
nostic antigen (Tjalsma et al.  2007  ) . This assay was exploited for serological evalu-
ation in Dutch (n = 209) and American (n = 112) populations. These analyses showed 
that an immune response against this bacterial antigen was increased in polyp 
patients and stage I/II CRC patients as compared to controls (Odds ratio (OR ) 1.50, 
95% Confi dence Interval (CI) 0.48–4.62 in the Netherlands; OR 2.75, 95%CI 0.96–
7.88 in the US) . Notably, increased anti-RpL7/L12 levels were not or only mildly 
detected in late stage colorectal cancer patients having lymph node or distant metas-
tasis (Fig.  3.2 ). Increased anti-RpL7/L12 levels were not paralleled by increased 
antibody production to endotoxin, an intrinsic cell wall component of the majority 
of intestinal bacteria, which implicates that the humoral immune response against 
RpL7/L12 is not a general phenomenon induced by the loss of colonic barrier func-
tion. The age-adjusted OR for all colorectal tumours combined was very similar in 
the US (2.30 95% CI 1.06–5.00) and Netherlands (1.90, 95% CI 0.49–2.84). Even a 
relatively modest increase should be relevant for the progression of colon adenomas 
to carcinomas (accumulation of mutations), a process which can take over a decade 
to take place. In this respect, it is interesting to note that the ORs of 1.5 and 2.8 for 
early stage CRC were within the range of those calculated for the serological 
response to a panel of  Helicobacter pylori  antigens in patients with early stage gas-
tric precancerous lesions (ORs ranging from 1 to 9) (Gao et al.  2009  ) . Unfortunately, 
no data are yet available (August 2010) that correlate SB colonization of tumour 
tissue with the humoral immune response to SB antigens. Nevertheless, our prelimi-
nary studies suggest that tumour tissue provides a niche that allows increased SB 
colonization (Fig.  3.3 ). Altogether, these fi ndings suggest that SB constitutes a risk 
factor for the development and/or progression of pre-malignant lesions into carcino-
mas. Importantly, cross-sectional and retrospective studies, including the current 
study and others, are not able to address the temporal relationship between an expo-
sure and a disease outcome directly. Thus, future prospective studies are essential to 
elucidate the etiological roles of SB in colorectal carcinogenesis.    
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    3.7   Model for the Association of SB with CRC 

 Based on the current knowledge the following model for the association of SB with 
CRC can be envisaged (Fig.  3.4 ). Pre-malignant lesions are initiated by carcinogenic 
(dietary) factors that diffuse through the colonic mucus layer and induce mutations 
within the APC or B-catenin genes (Cho and Vogelstein  1992  ) . These thereby 
immortalized epithelial cells are prone to the accumulation of other mutations and, 
as a side effect, the aberrant epithelial physiology disturbs the mucus layer covering 
the epithelial cells (Corfi eld et al.  2000  )  and makes it susceptible to bacterial infi l-
tration. Such (pre-) malignant epithelial sites may also provide a selective bacterial 
microenvironment, for instance by the excretion of specifi c metabolites, recruitment 
of immune cells and/or production of selective anti-microbial substances. Bacteria, 
such as SB, which are unable to effectively colonize the healthy colon may have a 
competitive advantage in this microenvironment and survive for prolonged periods 
of time. Tumour infi ltration of SB may exert infl ammatory factors such as IL-8 and 
COX-2 and/or lead to increased levels of genotoxins and thereby promote intestinal 
carcinogenesis. These (pre-) malignant lesions also provide a portal of entry for SB 
which explains the increased anti-SB antibody titers and increased incidence of SB 
endocarditis in CRC patients. Late stage tumours entering the metastatic phase may 
change in such a way that bacterial survival on the tumour surface is diminished or 

  Fig. 3.2    Humoral immune response against SB antigen RpL7/L12. Serum anti-RpL7/L12 were 
determined in healthy control subjects (n = 60), “early stage CRC” (polyp and local tumours; n = 70) and 
“advanced CRC” (tumours with regional and distant metastases; n = 50) by an ELISA (Tjalsma et al. 
 2007  ) . The results are indicative for a moderate, but signifi cant (*), increased exposure to this antigen 
during the early stages of CRC. Median levels, second and third quartile ( boxes ), ad ranges ( lines ) are 
indicated. Relative anti-RpL7/L12 IgG levels were expressed as arbitrary optical density units       
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antibody expression due to bacterial interaction is reduced. The possibility that 
tumour progression may drive bacteria out of the cancerous tissue is similar to what 
has been reported for  H. pylori  during gastric cancer progression (Kang et al.  2006 ; 
Brenner et al.  2007  ) . If true, this phenomenon may partly account for a wide range 
of the prevalence of SB reported for CRC patients that is comprised of various 
stages of the disease.   

  Fig. 3.3    SB detection in 
human colonic biopsy 
samples. The presence of 
SB in human biopsies from 
tumour tissue (T) and 
adjacent non-malignant 
mucosa (N) was monitored 
by a nested PCR on the SB 
 sodA  gene using biopsy-
extracted DNA from 8 
CRC patients as a template. 
CRC disease staging is 
indicated. A broad range 
16S rRNA PCR was run in 
parallel to control for the 
presence of bacterial DNA 
and PCR inhibiting 
substances. The results are 
suggestive for a preferred 
colonization of tumour 
tissue by SB. The identity 
of the  sodA  PCR fragments 
was confi rmed by 
nucleotide sequencing, 
which showed that all 
products had the highest 
degree of similarity with 
SGG (SB biotype I)       
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    3.8   Conclusion 

 The clinical association between SB and CRC is widely acknowledged, and an SB 
infection is often regarded as an indication for full bowel examination in clinical 
practice. However, still little is known about the molecular mechanisms behind this 
association (Boleij et al.  2009a,   b  ) . The recent deciphering of the SGG (SB biotype I) 
genome revealed unique features among streptococci, probably related to its 
adaptation to the intestinal environment (Rusniok et al.  2010  ) . For instance, SGG 
has the capacity to use a broad range of carbohydrates of plant origin, in particular 
to degrade polysaccharides derived from the plant cell wall. Its genome encodes a 
large repertoire of transporters and catalytic activities, like tannase, phenolic com-
pounds decarboxylase, and bile salt hydrolase, which should contribute to the 
detoxifi cation of the gut environment. Furthermore, SGG has the potential to syn-
thesize all 20 amino acids and more vitamins than any other sequenced  Streptococcus  
species (Rusniok et al.  2010  ) . The surface properties (Fig.  3.5 ) of this bacterium 
might be implicated in resistance to innate immunity defenses, and glucan muco-
polysaccharides, three types of pili, and collagen binding proteins may play a role 
in adhesion to tissues in the course of endocarditis. Recent  in vitro  studies revealed 
that SGG has a unique repertoire of virulence factors that may facilitate infection 
through (pre-)malignant colonic lesions and subsequently can provide SGG with a 

  Fig. 3.4    Model for a temporal association between SB and CRC. The development of colorectal 
tumours is schematically depicted from  left  (healthy) to  right  (invasive and metastasizing carcino-
mas). Initiation of carcinogenesis is a multi-factorial process in which dietary factor play an impor-
tant role. It may be envisaged that adenomas and early carcinomas provide a preferred niche for 
SB, which leads to subclinical infection and an increased exposure to SB which can be measured 
by serological assays. Moreover, this could explain the increased incidence of SB bacteremia and 
endocarditis in CRC patients as these (pre-) malignant lesions can form a portal of entry into the 
human body. In addition, SB may interfere with colon carcinogenesis for instance by the induction 
of IL-8 and COX-2, whereas tumour progression may drive SB out of advanced cancerous tissue 
(see text for details)       
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competitive advantage to evade the innate immune system and to form resistant 
vegetations at collagen-rich sites in susceptible CRC patients (Boleij et al.  2011a  ) . 
However, many questions on the relationship between SGG and CRC remain to be 
answered. Therefore, future studies should answer to which extent polyps and 
tumours actually provide a niche for SB colonization, and if so, which factors are 
involved in the adherence to, and/or survival in, the tumour microenvironment and 
how this increased colonization promotes carcinogenesis. In addition, improved 
(ELISA) assays are desirable to address the relationship between SB exposure and 
CRC directly in prospective and retrospective studies. Together, these molecular 
and epidemiological studies are essential for the full elucidation of the etiological 
roles of SB in colorectal carcinogenesis.       
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  Fig. 3.5    SB surface structure. Electron microscopy picture of SGG cells (strain UCN34 (Rusniok 
et al.  2010  ) ) showing the capsule of glucan mucopolysaccharides after polycationic ferritin labelling 
(Vanrobaeys et al.  1999  ) , which may be important for immune evasion in the course of endocardi-
tis (The picture was kindly provided by Philippe Glaser and Nadège Cayet, Unité de Génomique 
des Microorganismes Pathogènes, Institute Pasteur, Paris, France)       
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  Abstract    Chlamydia  is an intracellular bacterium implicated as potentially 
oncogenic for its tendency to cause chronic and persistent infections. These organ-
isms have been frequently associated with several types of cancer including cervical 
dysplasia and cancer by  C. trachomatis , lung cancer and cutaneous T-cell lymphoma 
by  C. pneumoniae  and a number of non-gastrointestinal MALT lymphomas such as 
ocular adnexal lymphoma by  C. psittaci , suggesting a potential role.  C. trachomatis , 
which causes ocular-genital infections in humans, was recently demonstrated at 
molecular and cultural level in patients with ocular cancer, thus implying also for 
this bacterium a role in the pathogenesis of the above malignancy. The pathophysi-
ological processes and molecular mechanisms that lead to the development of 
chronic infl ammatory disease, persistence, and ultimately cancer, still need to be 
clarifi ed. This chapter describes the pathogenetic aspects of Chlamydial infections 
favouring the onset of chronic diseases and cancers as well as the diagnostic and 
clinical features in relation to  Chlamydia  species involved. The potential applica-
tion of bacteria-eradicating therapy would certainly represent an exciting challenge 
for the next few years.  

  Keywords    Chlamydia   •   Chlamydophila pneumoniae   •   Chlamydia pneumoniae   
•   Chlamydophila psittaci   •   Chlamydia psittaci   •   Chlamydia trachomatis   •  Cancer  
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   Abbreviations 

  AM    Alveolar macrophages   
  EB    Elementary bodies   
  EBV    Epstein-Barr virus   
  HBV    Hepatitis B virus   
  HPV    Human papilloma virus   
  Hsp    Heat Shock Proteins   
  LGV    Lymphogranuloma venereum   
  MIP    Macrophage Infectivity potentiator lipoprotein   
  MOMP    Major outer membrane protein   
  MS    Multiple Sclerosis   
  MZL    Marginal zone B-cell lymphomas   
  NHL    Non-Hodgkin’s lymphomas   
  OAL    Ocular adnexal lymphoma   
  PAMP    Pathogen-associated molecular patterns   
  PBMC    Peripheral blood mononuclear cells   
  PCNSL    Primary central nervous system marginal zone B cell lymphoma   
  PID    Pelvic infl ammatory disease   
  PRR    Pattern recognition receptors   
  RB    Reticulate bodies   
  STD    Sexually transmitted disease   
  T3S    Type III secretion   
  TETR-PCR    Time-release polymerase chain reaction   
  TLR    Toll-like receptors         

    4.1   Introduction 

 Infectious agents play an important role in the aetiology of certain human malignan-
cies, and are thought to be responsible for around 20% of the worldwide cancer 
burden (Parkin  2001  ) . 

 Much of the burden of cancer incidence, morbidity, and mortality occurs in the 
developing world (up to 27%), with a large body of evidence regarding the role of 
viruses such as human papilloma virus (HPV), hepatitis B virus (HBV) and Epstein-
Barr virus (EBV) in the complex processes of carcinogenesis of the cervix, stomach 
and liver (Jemal et al.  2010  ) . 

 In addition to viral agents implicated in carcinogenesis, a theory of possible 
association between bacterial infection and cancer has been proposed in early 
nineteenth century (Lax  2005  ) . 

  Helicobacter pylori  infection has shown to cause gastric cancer, chronic carriers 
of  Salmonella typhi  are at more risk of developing gallbladder or hepatobiliary 
carcinoma than non-carriers, Mycoplasma like organisms have been suggested to 
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be associated with Hodgkin’s disease (Johnson et al.  1996  ) . Moreover, many bacteria 
that cause persistent infections produce toxins that disrupt cellular signalling, alter 
the regulation of cell growth, induce infl ammation or directly damage DNA. 

 Toxins may also mimic carcinogens and tumour promoters and might represent 
a paradigm for bacterially induced carcinogenesis. The question however remains 
quite controversial especially with regard to certain species of bacteria for onco-
genic properties. 

 In recent years, other bacterial agents have been increasingly recognised as 
important pathogenetic factors for various malignant tumours including non-
Hodgkin’s lymphomas (NHL) (Groves et al.  2000 ; Slater  2001  ) . Especially, in 
marginal zone lymphomas of mucosa-associated lymphoid tissue (MALT), the 
chronic antigenic stimulation and the action of infectious oncogenes somehow 
related to these agents (bacterial or viral) has been suggested to evoke host 
immune responses and to promote and sustain clonal B-cell expansion (Wyatt 
and Rathbone  1988  ) . 

 In this setting, one of the bacterial agents which in recent years has gained atten-
tion is the bacterium  Chlamydia  implicated as potentially oncogenic for its tendency 
to cause chronic and persistent infections. This chapter aims to analyze the role that 
 Chlamydiae  play in chronic and persistent diseases as well as in development of 
cancer and ocular adnexal lymphoma (OAL).  

    4.2    Chlamydiae  

    4.2.1   Characteristics and Developmental Cell Cycle 

 The  Chlamydiae  are ubiquitous gram negative, aerobic, obligate intracellular 
bacteria once considered viruses, which grow in eukaryotic cells and are respon-
sible for wide range of human diseases. 

  Chlamydiae  were taxonomically categorised into their own order  Chlamydiales , 
with one family,  Chlamydiaceae , and a single genus,  Chlamydia , which included 
four species:  C. trachomatis ,  C. pneumoniae ,  C. psittaci , and  C. pecorum . 

  C. trachomatis  and  C. pneumoniae  are common pathogens in humans, but the 
routes of transmission, susceptible populations, and clinical presentations differ 
markedly. Genetic mapping of these two  Chlamydia  species, has confi rmed little 
similarity as 70 genes in  C. trachomatis  do not exist in  C. pneumoniae  (Kalman 
et al.  1999  ) .  C. psittaci  and  C. pecorum  occur mainly in animals, although  C. psittaci  
may be also implicated in human respiratory diseases. 

 In 1999, a new taxonomic classifi cation proposed to rename some  Chlamy-
diaceae  including  C. pneumoniae  and  C. psittaci  in  Chlamydophila pneumoniae  
and  Chlamydophila psittaci  (Everett et al.  1999  ) . However, the proposal to change 
the taxonomic nomenclature has not been universally accepted and both names 
are currently in use by different authors. The revised taxonomic classifi cation 
currently contains at least 4 distinct families ( Chlamydiaceae, Simkaniaceae, 
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Parachlamydiaceae and Waddliaceae ) based on >90% 16S rRNA identity and a 
common developmental cycle. 

 The intracellular growth cycle of the  Chlamydiae  is complex and several growth 
options are possible, depending on the host-cell type, the particular environmental 
conditions in the host cell and the nature of tissue that is being affected.  Chlamydiae , 
have a characteristic biphasic growth cycle within a eukaryotic host cell, during 
which infectious elementary bodies (EBs, 0.3–0.6  m m diameter) differentiate into 
the metabolically active but non infective reticulate bodies (RBs, 0.6–1  m m diameter) 
that divide by binary fi ssion within the host derived vacuoles named Chlamydial 
inclusions. After 48–72 h, RBs multiply by binary fi ssion and reorganize into EBs 
which are released after host cell lysis. 

  In vitro , this orderly alternation between EB and RB in life cycle development 
usually take place in 72 h, ranging from 36 to 96 h to complete, depending on each 
species, and in the number of inclusions per host cell (from one in  C. trachomatis  
infected cell, to several inclusions for  C. pneumoniae  and  C. psittaci  infected cell). 

 Under  in vitro  conditions, RBs block division and maintain a stable association with 
the infected cell and become the aberrant or persistent bodies with enlarged forms, 
altered gene expression profi le and multiple nucleoids instead of undergoing rapid 
replication and differentiating into infectious EBs (Fig.  4.1 ). During persistent growth, 
aberrant RBs continue chromosome replication but fail to divide (Gérard et al.  2001  ) . 
These events constitute the basis of clinical persistence leading to chronic sequelae.  

 Although the life cycle of  Chlamydiae  is well characterized by microscopy, the 
signals that trigger interconversion of the morphologically distinct forms are not 
completely known (Beatty et al.  1994 ; Dautry-Varsat et al.  2005  ) . However, EBs 
are no longer considered as inert organisms. The discovery that EBs can translo-
cate stored proteins into the host under distinct signalling pathways is further evi-
dence that the entry process results from a dialogue between the bacteria and the 
host, although many features including EB protein attachment to target cells remain 
to be clarifi ed or discovered (Dautry-Varsat et al.  2005 ; Wuppermann et al.  2008  ) .  

    4.2.2    Chlamydia  Strategies for Evading Host Immune Response 

  Chlamydia  pathogenesis depends on the cell population invaded, the initiation of 
the replicative genetic state of the pathogen and the effi ciency of the release of 
effector molecules into the host cell. 

 A number of mechanisms can be considered to explain the evasion of host 
immune response. As many other intracellular bacteria (Brinkmann et al.  1987  ) , 
endocystosed  Chlamydiae  are in fact sequestered within a host derived phagosome 
during the intracellular phase of developmental cycle. Their intracellular location 
largely protects them from antibody and complement attack. 

 Cell mediated immunity is the predominant component in controlling  Chlamydia  
infection, even if  Chlamydia  antibodies may play a signifi cant role in controlling 
the infection at a later stage of the disease (Zhong  2009  ) . Moreover, studies using 
 animal models have shown that both the IgA secreting B cells and IFN g -producing 
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CD4 +  Th1 T cells are the most important adaptive immunity mechanisms in course 
of infection, although other immune components also play some roles (Morrison 
et al.  2000  ) . 

 Despite these powerful host defence mechanisms, acute infection (if not treated) 
can activate infl ammation, inducing the production of a wide variety of infl amma-
tory cytokines, (IL-1, IL-6, IL-8 and TNF a ) and can persist in some infected hosts 
(Rasmussen et al.  1997  ) . In fact,  Chlamydia  species have shown a tendency to cause 
persistent infections that may also play a role in oncogenesis. In this regard, the 
induced infl ammatory responses cannot only fail to effectively clear the infection 
but also contribute to infl ammatory pathologies (Stephens  2003  ) . 
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  Fig. 4.1    Chlamydial cell life cycle development and aberrant Chlamydial bodies (persistence). 
The  in vitro  developmental cycle is fundamental to all  Chlamydia  and varies only in timing 
(from 48 to 72 to 96 h, depending on the species). Factors including nutrient depletion, viral 
infections (HSV), iron restriction, amino acids and certain antibiotics (penicillin,  d -Cycloserin, 
Chloramphenicol, Sulfonamides) can induce  in vitro Chlamydia  persistent stage. Among cytokines, 
INF- g  directly inhibits bacterial growth and induces  Chlamydia  persistence by inhibition of 60 and 
12 kDa cystein protein and tryptophan depletion which can stop the expression of MOMP that in 
turn stop the progress of RB division and RB conversion into EBs and formation of aberrant 
 Chlamydiae  (Modifi ed and adapted from Behrens-Baumann  (  2007  ) )       

 



84 C. Contini and S. Seraceni

 The failure by the host to eradicate the disease involves the establishment of a 
state of chronic infection in which  Chlamydiae , after internalization into mono-
nuclear cells, enter into a state of quiescence (cryptic body) with intermittent 
periods of replication and characterized by antigenic variation, production of 
Heat Shock Proteins (Hsps) and proinfl ammatory cytokines (capable of evading 
host defences) which trigger tissue damage (Stratton and Mitchell  1997  ) . In this 
regard, Hsp-60, an ubiquitous and evolutionarily conserved chaperonin, nor-
mally sequestered inside the cell, particularly into mitochondria, and can elicit 
an immune response in humans which although directed against the microbial 
molecule but also reacts with endogenous Hsp-60 (Pockley  2003  ) . During cell 
stress conditions, as well as during carcinogenesis, this chaperonin becomes 
exposed on the cell surface and/or is secreted from cells into the extracellular 
space and circulation. 

 Quantifi cation of circulating Hsp-60 has recently become a potential useful 
marker of infection for clinicians in patients affected by a variety of diseases. 
However, interpretation of its values should be carefully evaluated, as a correlation 
between chaperonin levels and disease is diffi cult to establish. Hsp-60 is also a 
ligand of Toll-like receptors (TLR) and its expression on cell membrane surface’s 
correlates with apoptotic phenomena (Ohashi et al.  2000  ) . 

 During  Chlamydia  invasion and intracellular growth, sensors of the host innate 
immunity (pattern recognition receptors, PRR) can detect the infection by recog-
nizing microbial components (pathogen associated molecular patterns, PAMPs). 
 Chlamydia  PAMPs such as Hsp-60 and Macrophage Infectivity Potentiator lipo-
protein (MIP) are recognized by host PRR TLR4 and TLR2 respectively. These 
host receptors selectively recognize a broad spectrum of microbial components 
and endogenous molecules released by injured tissue (Bulut et al.  2002 ; Bas et al. 
 2008  ) . In particular, TLR4 and TLR2 have been reported to be essential medi-
ators of  C. pneumoniae  related host cell activation and defence (Kern et al. 
 2009  ) . 

 MIP or other lipoproteins could be released from EB surface and RBs, and 
retain inside tissues where they might activate resident cells and perpetuate infl am-
matory response even after the eradication of live bacteria with antibiotic therapy 
(Bas et al.  2008  ) . In general, PRRs, upon ligand binding, can lead to activation of 
various infl ammatory signalling pathways including NF- k B, NF-IL-6 and MAP 
kinases. 

 Type III secretion (T3S) apparatus is another mechanism which seems central to 
the biology of the  Chlamydiaceae,  as it mediates the translocation of bacterial toxins 
to the cytosol of infected cells. It happens in several important gram-negative bacte-
rial pathogens (Peters et al.  2007  ) . It consist a molecular injection system protruding 
from the outer membrane that appears to be expressed and functional in acute as well 
as in chronic infection and may represent a prominent virulence factor. 

 A major role of T3S may also involve, ensuring growth and development of the 
pathogen by modifying apoptosis signals or some other transcriptional regulation 
important for  Chlamydia  survival.  
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   4.2.3  Chlamydia Persistence and Chronic Infection 

 The exact role of persistent stage in the  Chlamydia  developmental cycle as well as 
the molecular mechanisms allowing persistence remains to be elucidated.  In vivo  
studies of  Chlamydia  persistence are hampered by genotype defi nition and viability 
of organism. However, characterization of  in vitro  persistent phase of  Chlamydiae  
and multiple lines of  in vivo  evidence, suggest that  Chlamydiae  persist in an altered 
form during chronic disease (Hogan et al.  2004  ) . 

 Persistence has long been recognized as a major factor in the pathogenesis of 
 Chlamydia  disease. It has been described as a viable but non-cultivable growth stage 
resulting in a long-term relationship with the infected host cell that may not neces-
sarily manifest as clinically recognizable disease. 

 It is distinct from unapparent infections, which may or may not involve evident 
 Chlamydia  growth and refers to an atypical, intracellular and metabolically less 
active state that is diffi cult to resolve not only by the host-defence system, but also 
by antibiotic therapy. 

 Unlike the re-infections believed to be the result of exposure to a  Chlamydia  
serotype different from the initial, persistent infections are due to the same type of 
pathogen genotype entered into a metabolic quiescent and non-infectious form 
and responsible of three to ten recurrences which can last many years (Dean and 
Powers  2001  ) . 

  In vitro  studies have shown that several factors including nutrient depletion, 
cytokines, iron restriction, amino acids, Ca ++ , and certain antibiotics can induce 
the Chlamydial persistent stage (Beatty et al.  1994 ; Raulston  1997 ; Dreses-
Werringloer et al.  2000  )  (Fig.  4.1 ). In particular IFN- g  directly inhibits bacterial 
growth (Sueltenfuss and Pollard  1963  )  and induces  Chlamydia  persistence by 
allowing 60 and 12 kDa cystein protein inhibition and tryptophan depletion which 
can stop the expression of late proteins such as major outer membrane protein 
(MOMP) that in turn stop the progress of RB division and RB conversion into 
EBs leading to aberrant Chlamydial RBs. (Sardinia et al.  1988 ; Beatty et al.  1994  ) . 
In this context, a complete transcriptome analysis of  C. trachomatis  serovar D 
growth in HeLa cells exposed to IFN- g , demonstrated the up-regulation of many 
genes involved in active metabolic processes in the aberrant RBs, including those 
involved in DNA repair and recombination, protein translation, and phospholipid 
utilization (Belland et al.  2003  ).  

 Moreover, separate studies at transcriptional level have demonstrated a 
down regulation of  C. trachomatis  MOMP in HeLa cells and an upregualtion of 
 C. pneumoniae  MOMP in response to IFN- g  stimulation (Mathews et al.  2001 ; 
Molestina et al.  2002  ) . This underlines the different roles played by MOMP in 
the two species. Also, HSP-60–1/groEL was found to be expressed predominantly 
during acute phase growth of  C. trachomatis  serovar K and that the Hsp-60-copy 
2/Ct-604 gene transcript/protein was increased in iron-induced persistent cultures 
(Gérard et al.  2004  ) . 
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 Antibiotics such as penicillin and quinolones (such as ciprofl oxacin and 
ofl oxacin) have shown to favour persistence instead of resolving infection 
because of inducing aberrant but viable particles which may explain therapy 
failure (Dreses-Werringloer et al.  2000  ) .  C. trachomatis  exposure to penicillin 
leads to enlarged and aberrant RBs, the so called “penicillin forms” that return 
to normal growth after penicillin removal. On the other hand, although 
Chlamydial RBs are killed by macrolide treatment (azithromycin), residual 
antigens can persist for more than 28 days continuing to harbour infl ammatory 
responses (Wyrick and Knight  2004  ) . 

  In vivo  studies have shown that the presence of Chlamydial antigens and nucleic 
acids even in absence of cultivable organisms is indicative of persisting organisms 
probably as result of immunologic stimulation during chronic disease. Chlamydia 
rRNA demonstration may provide evidence for inapparent Chlamydial infections 
(Cheema et al.  1991  ) . 

 All different species of  Chlamydia  have tendency to cause persistent infections 
that may play a role in chronic diseases (infl ammation and scarring with signifi cant 
damage to the host) and oncogenesis. 

 A chronic  C. pneumoniae  infection increases the expression of its own 
Hsp-60 which continuously stimulates host immune cells to produce anti-Hsp-60 
antibodies inside but also outside cells. Thus the immune response to microbial 
Hsp-60 may gradually lead or contribute to autoimmunity to host self antigens 
and consequently, to the development of chronic diseases such as asthma, stroke, 
degenerative joint diseases, atherosclerosis, coronary heart disease (Kuo et al. 
 1995 ; Saikku et al.  1988 ; Elkind et al.  2000  ) . All attempts to eradicate 
 C.  pneumoniae  in patients with cardiovascular diseases have failed because the 
 persistent state is completely refractory to antibiotic treatment (O’Connor et al. 
 2003  ) . This problem should be solved in cell cultures and animal experiments 
before new human intervention trials. 

  Chlamydiae  can ultimately favour the onset of cancer (Chaturvedi et al.  2010  )  or 
lymphoma. In this regard, a strong relationship between  C. psittaci  and its potential 
carcinogenic role in OAL development has been established (Ferreri et al.  2004  )  
owing in part to their mitogenic  in vitro  activity (Rasanen et al.  1986 ; Byrne and 
Ojcius  2004  ) ,  in vivo  polyclonal lymphoproliferation and resistance to apoptosis in 
infected cells (Hanna et al.  1979 ; Miyairi and Byrne  2006  ) . 

 Previous studies have also revealed that in  C. trachomatis  infection, the cytosolic 
levels of Hsp-60  in vivo  gradually increase during carcinogenetic steps, from 
normal tissue to dysplasia to fully developed carcinoma in various organs (Cappello 
et al.  2009  ) .  

   4.2.4  Chlamydia and Apoptosis 

 Cell death by apoptosis is an active and important defence mechanism against 
invading pathogens. Apoptosis has a direct role in many infectious diseases, 
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 especially those caused by viruses, intracellular protozoans and intracellular bacte-
ria (Byrne and Ojcius  2004  ) . For many of these pathogens, the apoptotic signalling 
starts from the pathogen and not by the host cell. 

 In this regard,  Chlamydia  inhibits apoptotic signalling cascades during pro-
ductive growth as part of its intracellular survival strategy (Miyairi and Byrne 
 2006  )  in order to maintain the integrity of the host cell for the completion of its 
intracellular growth (Zhong  2009  ) . This is in part due to the proteolysis of host 
proteins for ensuring its own intracellular replication while maintaining the 
integrity of the infected host cells for long periods of time.  Chlamydia  also 
inhibits apoptosis during persistent growth or in phagocytes, but induces apopto-
sis in T cells, which suggests that apoptosis has an immunomodulatory role in 
Chlamydial infections. 

 The anti-apoptotic activity has shown to be prolonged during  Chlamydia  persis-
tence. This strengthens the hypothesis that active  Chlamydia  metabolism maintains 
host cell integrity and contributes to intracellular survival (Perfettini et al.  2002  ) . 

 The circumstances that dictate whether the  Chlamydiae  inhibit or activate host-
cell death refl ect important pathogenic considerations, including whether an acute 
or chronic infection is in progress and whether intracellular  Chlamydia  growth is 
programmed to go through a productive infectious cycle or is stalled under non-
productive growth conditions. 

 It is possible that apoptotic activity is controlled to some extent by the intracel-
lular growth status of the  Chlamydiae , which can be infl uenced by any or all of these 
considerations (Byrne and Ojcius  2004  )  and by strain. 

 While for  C. pneumoniae , active inhibition of apoptosis occurs in epithelial cells, 
macrophages and neutrophils, for  C. trachomatis  and  C. psittaci  the anti-apoptotic 
activity has been demonstrated mainly in epithelial cells later in their developmental 
cycle (Miyairi and Byrne  2006 ; van Zandbergen et al.  2004  ) . 

 It is not known exactly how pro-apoptotic and antiapoptotic effects correlate 
with the wide spectrum of clinical manifestations and Chlamydial diseases? 
Although a  Chlamydia  induced apoptotic activity has been hypothesised during 
acute manifestation of disease, whereas inhibition of apoptosis in chronic disease 
states (Byrne and Ojcius  2004  ) . 

 Chronic infection and clinical persistence are closely related. Inhibition of apop-
tosis could represent a mechanism that has evolved to establish a chronic infection. 
Several lines of evidence suggest that to provoke chronic infection,  C. trachomatis  
could adopt several strategies. One of these consists of being silent, resulting in 
asymptomatic infections that cannot be diagnosed at that time. This promotes bacte-
rial progression, even to the most internal tissues. In addition,  C. trachomatis  MOMP 
displays variable immunodominant antigenic epitopes. Variations in these epitopes 
explain the absence of strain specifi c immunity and multiple re-infections by differ-
ent serovars or by the same mutated serovar are still possible (Millman et al.  2001  ) . 

 For these reasons, even if the initial infection is resolved, re-infections are 
possible and can lead to auto-pathological immune response induction (Beatty et al. 
 1994  ) . Although re-infections occur, the refi nement of Chlamydial diagnostic 
methods will allow us to establish whether  C. trachomatis  can persist.   
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   4.3  Chlamydiae spp. and their Role in Cancer and in Chronic 
Diseases 

    4.3.1    C. pneumoniae  

 Although all  Chlamydiaceae  share the same unique developmental cycle but they 
show differences in tissue tropism, infectivity, inclusion morphology and cycle 
length. 

  C. pneumoniae  is a gram-negative bacillus and a compulsory intracellular para-
site which causes respiratory infection in more than 50% of adults. It is a wide-
spread pathogen with serum positivity in more than 50% of the general population 
(Kuo et al.  1995  ) . 

 Chronic infections by  C. pneumoniae  are associated with small and squamous 
lung cancer and cutaneous T-cell lymphoma (Littman et al.  2005 ; Abrams et al. 
 2001  ) . Elevated  C. pneumoniae  antibody titers have been observed in individuals 
with lung cancer. Persons with elevated anti  C. pneumoniae  IgA antibody titers have 
up to a twofold increased risk for small cell carcinomas and adenocarcinomas of the 
lung (Littman et al.  2005  ) . This risk is increased in male smoker patients with 
chronic  C. pneumoniae  infection (Kocazeybek  2003  ) . 

 Other recent fi nding have shown a signifi cant association between elevated 
 Chlamydia  Hsp-60 seropositivity and the risk for lung cancer, supporting an etio-
logic role of  C. pneumoniae  in lung carcinogenesis (Chaturvedi et al.  2010  ) . A more 
recent meta-analysis involving 12 studies using data from the electronic databases 
PubMed, Embase, Web of Science and CNKI, has suggested that  C. pneumoniae  
infection is associated with an increased risk of lung cancer, and higher IgA titres 
may be a better predictor of lung cancer risk (Zhan et al.  2011  ) . 

 Accumulating evidence suggests that immunological events constitute in part 
the basis of the carcinogenic activity of  Chlamydia . Previous  in vitro  studies 
have in fact demonstrated that superoxide oxygen radicals, TNF- a , IL1 b  and 
IL8 released by alveolar macrophages (AM) from healthy volunteers, play an 
essential role, contributing to lung tissue and DNA damage that may result in 
carcinogenesis (Redecke et al.  1998  ) . Thus, AM play an important role as a 
target cell in  C. pneumoniae  infection because it can establish and maintain a 
productive infection  in vitro  and elicit a marked infl ammatory response to the 
microorganism. 

  C. pneumoniae  is also potent inducer of the proinfl ammatory cytokines TNF- a , 
IL-1 b , and IL-6 in human monocytic cells, which may contribute to cancer 
development. 

 In this regard, this pathogen has the ability to activate PBMCs  in vitro , as 
demonstrated by a cytokine response, and to grow inside these cells (as shown in 
PBMC circulating and in co-cultured PBMC, Fig.  4.2 ).  

 Monocytes and macrophages are known to be carriers of the infection from the 
respiratory site to other sites in the body and cause both local and systemic infec-
tion (Bodetti and Timms  2000  ) . In fact, as happens in various chronic diseases, 
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this pathogen may be transported by infected monocytes and participate in the 
maintenance of local immunological response and infl ammation, delaying its 
clearance (Airenne et al.  1999 ; Sessa et al.  2007 ; Cirino et al.  2006 ; Contini et al. 
 2008,   2010b  ) . 

  C. pneumoniae  can also replicate in lymphocytes suggesting that these cells may 
be an important host cell for dissemination of organisms and may alter lymphocyte 
functions and certain immune mechanisms in infected individuals (Haranaga et al. 
 2001  ) .  C. pneumoniae  can thus survive in different immune cells, and use the 
immune cells as carriers for potentially cause chronic/persistent infections due to 
host inability for complete elimination of the pathogen (Yucesan and Sriram  2001 ; 
Stratton and Sriram  2003  ) . 

 As for other  Chlamydiae ,  C. pneumoniae  has recently been connected to a range 
of chronic systemic diseases with a subsequent signifi cant tissue damage including 
chronic infl ammatory lung conditions (Teig et al.  2005  ) , infl ammatory arthritis 
(Gérard et al.  2000 ; Contini et al.  2010b  )  as well as cardiovascular and peripheral 
vascular diseases (Watson and Alp  2008 ; Mussa et al.  2006  ) . 

 Although evidence exists for a direct role of  C. pneumoniae  in atherogenesis 
(Campbell and Kuo  2004  )  but this still remains to be confi rmed (Ieven and Hoymans 
 2005  ) . Especially, if  Chlamydiae  initiate atherosclerotic injury, whether it facilitates 
progression of existing plaques or merely colonizes the lesions, is not known. 

  C. pneumoniae  is also considered a neurotropic pathogen since it is able to cross 
the blood-brain barrier and to infect the CNS. Monocytes may traffi c  C. pneumo-
niae  across the blood-brain barrier, shed the organism in the CNS and induce 
neuroinfl ammation (Contini et al.  2010b  ) . A growing body of evidence concerns 

  Fig. 4.2    Fresh PBMCs containing  C. pneumoniae  co - cultured on Hep-2 cells and immunostained 
with a fl uorescein isothiocyanate-labelled anti- Chlamydia  monoclonal antibody (Washington 
Research Foundation, Seattle, USA).  C. pneumoniae  show  bright apple-green  fl uorescence 
(Magnifi cation × 400)       
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the involvement of this pathogen in chronic neurological disorders and particularly 
in Alzheimer’s disease and Multiple Sclerosis (MS). 

 The main obstacles that have so far presented to support a defi nitive role of 
 C. pneumoniae  in these diseases are represented by the fact that no methods exist 
to safely and confi dently diagnose chronic infection, and because Chlamydial 
chronic infections are characterized by the inaccessibility of the “Chlamydial per-
sistent state” to conventional anti Chlamydial agents. 

 Recent molecular, ultrastructural, and cultural advances have provided evidence 
that  C. pneumoniae  is viable and metabolically active in different biological com-
partments such as cerebrospinal fl uid and PBMC from subgroups of MS patients, 
suggesting an association between this pathogen and MS disease (Sriram et al. 
 2005 ; Fainardi et al.  2008 ; Contini et al.  2010a  ) . Hence,  C. pneumoniae  may induce 
a chronic persistent brain infection acting as a cofactor in the development of MS.  

    4.3.2   Other Chlamydiae 

 Among the other  Chlamydia  species involved in development of cancer,  C. tracho-
matis  can cause cervical dysplasia and cancer (Schachter et al.  1975  )  including 
ovarian cancer (Quirk and Kupinski  2001  )  and can also lead to vulvar carcinogen-
esis (Olejek et al.  2009  ) . 

  C. trachomatis  also causes chronic, clinically unapparent infections of the upper 
genital tract that may result in signifi cant damage to the reproductive organs (Manavi 
 2006  ) . In this regard, most  C. trachomatis  infections are asymptomatic or pauci-
symptomatic remaining undetected and thus untreated for a prolonged period with 
the possibility of developing chronic infections because of spread via monocytes 
and cause local and systemic infections. 

 Acute urogenital infections can also progress to persistent infection, which in 
turn may initiate a pathogenic process leading to chronic diseases, including pelvic 
infl ammatory disease, ectopic pregnancy, tubal factor infertility, and  Chlamydia  
induced arthritis in individuals who are genetically predisposed to this condition 
(Girschick et al.  2008  ) . Importantly,  C. trachomatis  has been shown to be fully 
viable and metabolically active in both the acute and chronic, persistent infection 
state. 

 Infections by  C. psittaci  are predominantly associated with chronic conjuncti-
vitis and have been recently linked with OALs of MALT type (Ferreri et al.  2004  ) . 
This aspect will be discussed later in this chapter. 

 Besides OAL,  C. psittaci  infection was associated with non gastrointestinal 
MALT lymphomas (lung, thyroid and salivary gland, skin) and autoimmune pre-
cursor lesions (Hashimoto thyroiditis and Sjögren syndrome), suggesting possible 
involvement of  C. psittaci  induced antigen driven MALT lymphoma genesis 
(Aigelsreiter et al.  2011  ) . 

 More recently,  C psittaci  was identifi ed with various methods including PCR 
in an Italian patient with primary central nervous system marginal zone B cell 
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lymphoma (PCNSL), a tumour mainly characterized by diffuse large B-cell histol-
ogy and aggressive clinical course (Ponzoni et al.  2011  ) .   

    4.4   Role of  Chlamydia  in MALT Lymphomas 

 MALT is the third commonest form of Non Hodgkin Lymphoma (NHL) and its 
incidence has risen over the last two decades (Müller et al.  2005  ) . MALT lympho-
mas constitute a group of low-grade extranodal B-cell neoplasms classifi ed as spe-
cifi c subtypes of NHL that share similar clinical, pathologic, immunologic, and 
molecular features and arise in the context of pre-existing prolonged lymphoid pro-
liferation in mucosal sites. MALT NHL is classifi ed as a peripheral B-cell neoplasm 
in the group of marginal zone B-cell lymphomas (MZLs) which accounts for 7–8% 
of adult NHL and comprises three subtypes: nodal, extranodal (MALT type), and 
splenic (Harris et al.  1994  ) . 

 Despite overlapping morphologic features, nodal and extranodal MZLs demon-
strate distinct clinical behaviour. Nodal MZL behaves as a conventional indolent 
and incurable low grade lymphoma, often widely disseminated early in the disease 
course. Extranodal MALT lymphomas, so called because arise outside the lymph 
nodes and spleen, remain localized for an extended duration, lack poor prognostic 
features, and have a superior 5-year overall survival rate (81% versus 56%) and 
failure-free survival rate (65% versus 28%) compared with its nodal counterpart 
(Nathwani et al.  1999  ) . 

 The lymphoid tissue in which MALT lymphomas arise normally may be present 
at the site of origin (e.g., Waldeyer’s ring or intestinal Peyer’s patches) or may be 
acquired in the setting of chronic antigenic stimulation because of persistent infl am-
mation or infection, or autoimmune disorder. 

 MALT lymphomas occur most commonly in the gastroenteric tract, but may 
affect a variety of extranodal sites including stomach and eye (Thieblemont et al. 
 1995 ; Lee et al.  2005  ) . 

 Gastric MALT lymphoma, with its typical dependence on  H. pylori  infection, is 
the most common and the most extensively studied model for MALT lymphoma 
genesis. For this pathogen, all Koch postulates linking a specifi c organism to a 
disease have been fulfi lled (Isaacson and Du  2004 ; Du  2007 ; Verma et al.  2008  ) . 
Other examples of lymphoma genesis concern Epstein–Barr virus (EBV), a world-
wide disseminated virus with carcinogenic activity (Magrath  1990  ) . 

 MALT lymphomas with similar pathology and associated to infectious agents 
other than  H. pylori  and EBV have been found. Although, their role in MALT 
lymphoma genesis is not completely fulfi lling Koch postulates. Such condition 
have been found in a variety of primary sites including the salivary gland, thyroid, 
lung, thymus, breast and ocular adnexa, and can develop in response to chronic 
and persistent stimuli during infection or autoimmune process (Verma et al. 
 2008  ) . 
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 In this setting, although for certain bacterial agents including  Campylobacter 
jejuni  and  Borrelia burgdorferi  (Du  2007  ) , the role in lymphoma genesis is not 
defi nitely established, but for others, such as  Chlamydia , a potential role has been 
established in MALT lymphomas and OAL. This microorganism, found at molec-
ular and ultrasctuctural level, has been the target for unconventional therapy with 
encouraging results (Ferreri et al.  2004 ; Ponzoni et al.  2010  ) . 

 OALs are the most common lymphomas of the ocular adnexa (Jenkins et al. 
 2000  ) , occurring principally in the conjunctiva, orbital soft tissue and lachrymal 
apparatus. They include lesions affecting the conjunctiva, orbit, lachrymal glands, 
and eyelids. They constitutes a subtype of NHL (approximately 12%) of all MALT 
lymphomas, accounting for 60–80% of all OAL cases (Isaacson and Du  2004 ; 
Guidoboni et al.  2006  ) . 

 OALs are mostly seen in the fi fth to seventh decade of life (median age, 65 years), 
with a female predominance and the majority (85–90%) of patients present with 
localized disease (stage I). The slow evolution of symptoms, especially in conjunc-
tival lymphomas explains the long median interval between onset of symptoms and 
time of diagnosis ranging from 1 month to 10 years (median, 7 months). One of the 
main reasons of the slow evolution may lie in the lack of connective tissue stroma 
of neoplastic lymphocyte population which is able to model surrounding tissue 
without causing particular irritation. 

 The most frequent site of origin is the orbit (40%), followed by conjunctiva 
(35–40%), lachrymal gland (10–15%), and eyelid (10%). Most patients with con-
junctival lymphoma have visible, characteristic “salmon-pink patch” lesions refl ect-
ing tumour vascularity associated with conjunctival swelling, redness and irritation. 
Lack of symptoms is also possible in a large number of cases. 

 Orbital lymphoma most frequently presents with painless diffuse ill-defi ned or 
circumscribed mass that may be associated with proptosis, diplopia or motility 
disturbance. Only a few patients, primarily with orbital lymphoma, complain of 
pain or irritation. 

 For lymphoma arising in the lachrymal sac, swelling is one of the predominant 
symptoms. These are often non-specifi c, and might be misdiagnosed as chronic 
dacryocystitis with nasolacrimal duct obstruction. 

 MALT lymphoma may also be associated with chronic conjunctivitis, resem-
bling what happens for gastric MALT lymphoma, which is associated with  H. pylori  
derived chronic gastritis. 

 Several structural chromosomal abnormalities have been demonstrated in MALT 
lymphoma. Their frequency varies with the anatomic site of the lymphoma (Streubel 
et al.  2004  ) . 

 The aetiology of OAL is currently unclear, although much attention has been 
focused on determining whether OAL is caused by an autoimmune disorder, chronic 
antigenic stimulation or both. Now it is becoming evident that infectious agents 
underlying chronic eye infection, as  Chlamydia , herpes simplex and adenovirus 
may play a role in ocular lymphoma genesis in certain geographic regions. In 
general,  C. psittaci  and  H. pylori  may contribute to the pathogenesis of conjunctival 
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MALT lymphoma, whereas  Chlamydia  ( C. psittaci  and  C. pneumoniae ) and HCV 
can be considered the putative organisms that may play a role in the aetiology of 
orbital MALT lymphoma (Verma et al.  2008  ) . 

 The chronic antigen stimulation hypothesis claims that a specifi c infectious 
agent initiates a reactive lymphoid infi ltrate in the normally sterile ocular adn-
exal tissues and leads to a B-cell clonal expansion and proliferation. At this 
stage, genetic alterations and microenvironment may sustain the growth inde-
pendent of the infectious agent. In this regard several genetic abnormalities 
have been reported in OALs of MALT type. Most common are trisomy of chro-
mosome 3 and chromosome 18 in up to 68% and 57% of patients, respectively 
(McKelvie  2010  ) . 

 Recently, homozygous deletions of the chromosomal band 6q23, involving the 
tumour necrosis factor  a  induced protein 3 (TNFAIP3, A20) gene, a negative 
regulator of NF-kB, were described in OALs, suggesting a role for A20 gene as a 
tumour suppressor in this disease (Honma et al.  2008  ) . A20 inactivation may thus, 
represent a common mechanism for constitutive NF-kB activation, which may con-
tribute to lymphoma genesis by stimulating cell proliferation and survival (Novak 
et al.  2009  ) . 

    4.4.1    Chlamydia  spp. and Ocular Adnexal MALT Lymphoma 

 The fi rst report to provide sero-epidemiological evidence on the association between 
Chlamydial infections and malignant lymphomas was by Anttila et al.  1998 . 
Lymphoma patients were found an approximate ten-fold risk to have both  C. pneu-
moniae  and  C. trachomatis  specifi c immune complexes present in their circulation. 
The risk was considerably higher in males than in females. 

 In the past few years several studies have reported more consistently the possible 
role of  Chlamydiae  in the development of OAL. Although the large number of 
papers reported in the literature concern  C. psittaci , there is evidence that other 
 Chlamydiae  such as  C. pneumoniae  and  C. trachomatis  can somehow be implicated 
in the pathogenesis of OAL. 

    4.4.1.1   Data Supporting  C. psittaci  as Potential Infectious Agent in the 
Development of OAL 

  C. psittaci is  an obligate and intracellular gram negative bacterium with seven 
known genotypes (A–F and E/B) that can be transmitted to humans.  C. psittaci  is 
the etiologic agent of psittacosis, a human infection caused by exposure to infected 
birds.  C. psittaci  can infect 465 avian species in 30 avian orders (Smith et al.  2005  ) . 
Additionally,  C. psittaci  has been isolated in secretions of infected cats with upper 
respiratory tract infections of seasonal conjunctivitis, thus being an additional 
source of human infections (Sykes et al.  1999  ) . 
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 This microorganism has a well known tendency to cause persistent infections 
(Lietman et al.  1998  ) . In particular,  C. psittaci  related follicular conjunctivitis may 
favour the development of OAL through a chronic antigenic stimulation (Lietman 
et al.  1998  ) . The association of OAL with  C. psittaci  has been reported mostly in 
subjects coming from rural areas, following a prolonged contact with household 
animals (Ferreri et al.  2004  ) . 

 The fi rst evidence of such an association came from a study performed by 
Ferreri on an Italian cohort of patients, where  C. psittaci  DNA was detected by 
PCR in ocular lesions from 80% of patients with OAL and in none of non-neoplastic 
orbital lesions used as controls (Ferreri et al.  2004  ) . In addition, PBMCs extracted 
from patients with OALs and harbouring  C. psittaci  DNA, were also positive 
(43%) for  Chlamydia  DNA, whereas controls were negative. In some cases, PBMC 
samples were positive for  C. psittaci  DNA more than 5 years after lymphoma diag-
nosis, with a concurrent relapse of the disease, suggesting that the natural history 
of OAL is associated with the persistence of the  C. psittaci  infection, due to chronic 
antigenic stimulation and further supporting an etiologic role of this bacterium 
(Ferreri et al.  2005  ) . 

 The same group also reported the success in eradicating, (partially or com-
pletely) the disease after  C. psittaci  specifi c antibiotic therapy with tetracycline 
using standard dosing regimens for 3 weeks. This therapeutic approach has revealed 
to be fast, cheap and well tolerated for treating OALs even for aged and heavily 
pretreated patients with conventional more aggressive therapy (Ferreri et al.  2004, 
  2008a  ) . 

 The assessment of  C. psittaci  DNA in patient’s PBMCs was thus considered a 
potential and useful tool to evaluate disease eradication and even detect reinfection 
or reactivation. The genotypic and phenotypic differences among the strains of the 
pathogen should also be taken into account while performing this assessment 
(Rosado et al.  2006  ) . 

 Finally,  C. psittaci  elementary bodies in the PBMCs were found viable and infec-
tious and capable to grow  in vitro  and to be isolated from patients with OAMZL 
(Ferreri et al.  2008b  ) . 

 Taken together, the fact that  C. psittaci  can be isolated and grown  in vitro  
from biological samples of OAL patients improves the evidence level supporting 
this bacteria–lymphoma association and fulfi ls the second Koch’s postulate hith-
erto reserved for  H. pylori  for gastric lymphoma (Du  2007 ; Falco Jover et al. 
 1999  ) . 

 Other evidences suggesting the potential implication of  C. psittaci  in OAL come 
from Yoo et al.  (  2007  )  who found a high correlation between  C. psittaci  and OAL 
in Korean patients with a detection rate of bacteria DNA in about 80% and from 
Aigelsreiter et al.  (  2008  )  who detected  C. psittaci  DNA in 53.8% of MALT lym-
phomas from Austrian patients. 

 These evidences strengthen that  C. psittaci  and bacterium driven antigens may 
have a causal role in the development of OALs and in sustaining the disease over 
time, although often clinically unapparent.  
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    4.4.1.2   Data not Supporting the Exclusive Role of  C. psittaci  
in Development of OAL 

 Although OAL of MALT type was found in 40% of patients with prolonged con-
tacts with household animals and a history of chronic conjunctivitis (Ferreri et al. 
 2004  ) , the link between transmission from infected animals, establishment of an 
asymptomatic  C. psittaci  persistence and development of OAL must be defi nitively 
confi rmed. In fact, Koch postulates linking  H. pylori  to gastric MALT lymphoma 
have been completely fulfi lled, but there is much less evidence for a relationship 
between  C. psittaci  and OAL and results so far obtained are often confl icting 
(Grünberger et al.  2006 ; Daibata et al.  2006 ; Du  2007 ; Husain et al.  2007 ; Yakushijin 
et al.  2007 ; Decaudin et al.  2008 ; McKelvie  2010  ) . 

 Since the fi rst descriptions, many groups worldwide have investigated the 
possible association between  C. psittaci  and OAL occurrence, but concluded with 
discordant results in different countries and variable response to antibiotic treat-
ment. The possibility that  C. psittaci  may be variably associated with OAL in 
various geographic regions, the genetic background of different populations, the 
varying epidemiological risk factors among different geographic areas, the fact that 
 C. psittaci  plays a causative role only in some OAL patients, may affect the inci-
dence of these lymphomas. 

 To confi rm what is still obscure regarding pathogenesis of OAL and the immu-
nostimuli predisposing to this malignancy, the history of  C. psittaci  and prevalence 
of positive detection rates of  C. psittaci  in patients with OALs was examined. There 
are regions such as Italy and Korea where the prevalence of the microorganism is 
greater than 75%, others like Germany, Netherlands, UK, China, Eastern U.S. and 
Cuba, where the prevalence is included between 10% and 50%, while other coun-
tries such as France, Japan etc. have prevalence below 10% (Chanudet et al.  2006 ; 
Gracia et al.  2007 ; Decaudin et al.  2008 ; McKelvie  2010  ) . 

 A suggestive study was done on OAL patients from Kenya, where although the 
underdeveloped conditions and the rather high plethora of infectious agents which 
could establish an excellent pabulum for the cancerous transformation and the 
development of the OAL, no association was found between OAL and  C. psittaci . 
This suggests that other mechanisms in addition to infectious agents may play a 
role, including the genetic background of different populations and the genetic 
polymorphism that may be responsible for resistance or susceptibility to a particular 
infectious agent (Carugi et al.  2010  ) . Whether this non-association between infec-
tious agents and OAL can also be applied to other African countries or regions rests 
to be further investigated. 

 Currently, the scientifi c debate still continues. Two recent meta-analysis showed 
not only a striking variability in the prevalence of  C. psittaci  across different geo-
graphical regions and even between studies from the same geographic regions, but 
also the uneven effectiveness of antibiotic therapy for the treatment of OAL, essen-
tially linked to the short follow-up (Husain et al.  2007  )  and also to the fact that the 
regression of lymphoma after antibiotic administration, is often observed in those 
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patients not harbouring  C. psittaci  DNA, suggesting that other undiscovered doxy-
cycline sensitive organisms may also be involved in the pathogenesis of disease. 
However, accumulating evidence seems to rule out the possible involvement of 
agents commonly associated with chronic eye diseases. No alternative pathogens 
have been found using PCR with universal pan bacterial primer (Husain et al.  2007 ; 
Matthews et al.  2008  )  as demonstrated in OAL patients from South Florida, in 
whom  C. psittaci  DNA was never isolated using the same techniques employed by 
Ferreri (Rosado et al.  2006  ) . 

 In the light of these fi ndings it might be assumed that the variability of the preva-
lence rated worldwide may be affected not only by geographical differences but also 
by the different sensitivity of the methods used for sample collection, PCR analysis 
and sequence diversity in the target region of  C. psittaci  (Vargas et al.  2006  ) . 

 A large study involving an adequate number of cases from several countries and 
conducted with the same methodological diagnostic approach in order to exclude 
false-positive results, would be desirable. 

 In this context, however, the molecular approach based on touchdown enzyme 
time-release polymerase chain reaction (TETR-PCR) designed to simultaneously 
detect  Chlamydia  DNA proved to be the best method for the molecular detection of 
 C. psittaci  DNA and able to discriminate between  C. psittaci  and  C. pneumoniae  
(Ponzoni et al.  2008  ) . 

 Recently, a number of different techniques including immunohistochemistry, 
electron microscopy, laser capture microdissection and highly sensitive TETR-
PCR employed to assess  Chlamydia  prevalence in both nodal and extranodal lym-
phomas. These techniques have detected  C. psittaci  in a consistent number of 
lymphomas arising in different organs from ocular adnexa, thus suggesting the 
possible contribution of this bacterium in lymphoma development and the possi-
ble adoption of the same antibiotic therapy as in OALs (Ponzoni et al.  2008  ) . 
Table  4.1  shows the molecular techniques so far employed for detecting 
 Chlamydiae  in clinical samples.  

 The question remains whether all OAL patients should be treated for a possible 
infectious aetiology. In general, a diagnostic biopsy with immunophenotyping 
and genetic analysis to determine the grade of the lymphoma combined with 
PCR analysis to determine the presence of an infective agent should be recom-
mended. If  C. psittaci  infection is found, a trial of oral doxycycline (100 mg 
twice daily for 3 weeks) is worthwhile. At present, despite the ocular side effects, 
localized radiotherapy still remains the standard fi rst-line treatment for stage I 
low-grade OAL.   

    4.4.2   Role of  C. pneumoniae  

 The fi rst report on the possible association between  C. pneumoniae  and OAL of 
MALT type came from Shen and colleagues, reporting on a patient from Hong 
Kong with bilateral orbital MALT lymphoma.  C. pneumoniae  DNA, but not of 
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 C. psittaci , was identifi ed in biopsy of the lesion in a Chinese patient with bilat-
eral orbital of MALT lymphoma (Shen et al.  2006  ) . More recently, another case 
confi rming evidence of molecular signature of  C. pneumoniae  was detected in a 
Chinese patient from Hong Kong with bilateral recurrent orbital MALT lym-
phoma who had a negative serology against  C. pneumoniae  and in whom neither 
 C. psittaci  nor  C. trachomatis  and  H. pylori  genes were found (Chan et al. 
 2006  ) . 

 Although, there are few reports describing  C. pneumoniae  associated with MALT 
lymphomas, there is evidence of how these pathogens may relate to differences in 
the geographic incidence of their infections.  H. pylori  infection is higher in France, 
 C. psittaci  in Italy, and  C. pneumoniae  in Southeast Asia. These differences may 
also relate to the genotypic and phenotypic differences among the strains of the 
pathogen (Rosado et al.  2006  ) . 

 However, the relatively high seroprevalence of  C. pneumoniae  (ranging from 
40% to 90%) in some geographic areas, including Japan, Taiwan, and Hong Kong, 
limits the value of this serological index (Wang et al.  1993  ) . Molecular identifi ca-
tion may thus represent an interesting approach for the diagnosis of  Chlamydia  
infection, notably for  C. pneumoniae .  

    4.4.3   Role of  C. trachomatis  

    4.4.3.1   Epidemiology and Clinical Features 

 Although,  C. psittaci  is the most detected pathogen in OALs, but the association 
between  C. psittaci  and OAL is not consistent around the world.  C. trachomatis  is 
an obligate intracellular gram negative bacterium which causes ocular-genital infec-
tions in humans with its highest prevalence amongst young men and women. 
Infection with this agent can be asymptomatic in up to 80% of women which can 
make diagnosis and detection diffi cult (Manavi  2006  ) . The asymptomatic character 
of most genital Chlamydial infections makes this pathogen the major cause of 
bacterial sexually transmitted infections worldwide. 

  C. trachomatis  has several serovariants based on the features of their major 
membrane proteins. Serovars A, B, Ba and C of biovar trachoma infect the conjunc-
tival epithelium and lead to ocular infections that can progress to trachoma. In 
developing countries, these serovars remain endemic. 

 Trachoma is a chronic conjunctivitis in which, repeated Chlamydial infections, 
constant exposure to Chlamydial antigens and the concomitant presence of other 
bacterial infections constitute the basis of the disease. The transmission of infection 
occurs primarily within the family in situations of overcrowding, poor hygiene, the 
abundance of fl ies that can mediate the transmission of infection. To date, trachoma 
is a major cause of preventable blindness and is believed to be endemic in 56 
countries (Polack et al.  2005  ) . 
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 It is estimated that approximately 1.3 million people are blind from this disease 
and probably a further 1.8 million have low vision. Overall, it is the eighth common-
est blinding disease (Resnikoff et al.  2008  ) . Owing to its special impact in resource 
poor nations, it has been recently placed on the WHO’s priority list for 
intervention. 

 The serotypes D-K of  C. trachomatis  are most frequently involved in genital 
infections, with a prevalence of 16–38% in women belonging to populations at risk 
for sexually transmitted infections and 30–50% for male non-gonococcal urethritis. 
Genital infections by  C. trachomatis  infection are among the most common causes 
of reproductive tract diseases and infertility. 

 The incidence of Chlamydial infection in women increased from 79 per 100,000 
in 1987 to 467 per 100,000 in 2003 (CDC  2004  ) . Women with Chlamydial infection 
in the lower genital tract may develop an ascending infection that causes acute 
salpingitis with or without endometritis, also known as pelvic infl ammatory disease 
(PID). PID can also be caused by genital  Mycoplasmas, endogenous vaginal fl ora, 
aerobic Streptococci  and  Neisseria gonorrhoeae . 

 The dominant cause of PID in developed countries is considered to be genital 
 C. trachomatis  infection. Symptoms tend to have a subacute onset and usually 
develop during menses or in the fi rst 2 weeks of the menstrual cycle. Women with 
 C. trachomatis  associated PID, tubal infertility, and ectopic pregnancy have high 
titers of serum antibodies to  Chlamydia  Hsp-60 (Toye et al.  1993  ) . Twenty percent 
of women who develop PID become infertile, 18% develop chronic pelvic pain, and 
9% have a tubal pregnancy (Manavi  2006  ) . 

 PID has also been associated with increased risk of ovarian cancer (Risch and 
Howe  1995  ) . The Centers for Disease Control and Prevention (CDC) recommend 
that physicians maintain a low threshold for diagnosing PID and that empiric 
treatment be initiated in women at risk of sexually transmitted disease (STD) who 
have uterine, adnexal, or cervical motion tenderness with no other identifi able 
cause. 

 The majority of men with urethral infection (non-gonococcal urethritis or 
post-gonococcal), whether symptomatic or not, have purulent urethral discharge 
typically low at presentation. The subjective symptoms are burning and dysuria. 
The infl ammatory process is generally limited to anterior urethra, while a small 
percentage of cases may extend back to the urethra, prostate, according to some, in 
rare cases epididymis. Serovars D to K also infect respiratory epithelial cells and 
cause infant pneumonitis. 

 Serovars L1 and L3 cause lymphogranuloma venereum (LGV), a STD that 
occurs mostly in tropical countries. Rare cases of import are observed in Western 
countries. However, in the UK, it mainly occurs in men who have sex with men 
(Nieuwenhuis et al.  2004  ) . 

  C. trachomatis , has also been implicated as a major organism that can trigger 
reactive arthritis (Girschick et al.  2008  )  which develops in a small percentage of 
individuals with Chlamydial infection and includes the triad of urethritis (cervicitis 
in women), conjunctivitis, and painless mucocutaneous lesions.  
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    4.4.3.2    C. trachomatis  and Development of OAL 

 Data concerning the possible involvement of  C. trachomatis  in the development 
of OAL seem fragmented and not supported by strong evidence of the literature. 
The MEDLINE and PubMed databases were searched for publications regarding 
the association between  C. trachomatis  and OAL as well as the effi cacy of antibi-
otics employed for the treatment of OAL. The literature search spanned the 
period between January 2004 (when what to our knowledge was the fi rst report of 
the possible association between  C. trachomatis  and OAL was published) and 
November 2010. 

 Only two papers were found. One of them featured a combination of asymptom-
atic MALT-type lymphoma in the left eye with chronic and bilateral conjunctivitis 
with giant follicles (Adult Inclusion Conjunctivitis) occurred in a 18 year old male 
patient suspected to be due to  C. trachomatis  on the basis of positive results for 
 Chlamydia  antigen assay (Yeung et al.  2004  ) . However, no molecular and no other 
microbiological investigation was done to know what type of  Chlamydia  was 
involved. Moreover, conjunctivitis was unresponsive to doxycycline treatment. 

 The second paper concerns a case observed by our research group (Contini et al. 
 2009  )  concerning a 53-year Italian woman suffering from chronic HBV hepatitis, 
under treatment with antiviral nucleos(t)ide analogues, (   initially lamivudine, 100 mg) 
once day continuously, then lamivudine plus adefovir (10 mg). No viral mutations 
were detected in the last 2 years, but quantifi cation of HBV viral load yet showed 
detectable DNA viraemia and ALT were elevated and fl uctuating. 

 The patient presented to the Ophthalmology clinic with an indolent natural 
history of bilateral OAL previously treated with chemotherapy. At that time, total 
body CT scan showed no lymph node enlargement and tissue involvement. However, 
microscopic and immunocytochemical analysis of osteomedullary biopsy and the 
fl ow cytometry analysis of bone marrow cells obtained from a bone marrow aspirate 
documented 12% neoplastic cells of clonal origin. The multicolour fl ow cytometry 
analysis excluded the presence of tumour cells in the peripheral blood. Following 
chemotherapy, a complete disappearance of clonal lymphoid cells was detected. 

 Because of the possible link between OAL and  Chlamydia  infection, she was 
investigated for  Chlamydiae  and other pathogens. Serological screening for 
 Chlamydia  did not detect anti-Chlamydial antibodies. Microbiological and sero-
logical analyses carried out for a number of bacteria including  Mycoplasma  and 
 Ureaplasma urealyticum,  proved all negative. Blood and urine cultures were nega-
tive. Synovial fl uid cultures as well as urogenital swabs for detecting  C. trachomatis  
did not grow inclusion bodies. Screening for  C. trachomatis  were reported to be 
negative but without any documentation. The screening by us made was negative. 
In any case, the patient never had urogenital symptoms. 

 PBMCs as well as lymphoma specimens were tested by molecular and cell cul-
ture assay (Hep-2 cell lines) based on additional centrifugation and extension of 
culture time (Contini et al.  2008 ; Contini et al.  2010a  ) . 

  C. trachomatis  16S rRNA, ompA, together with different Hsp-60 encoding genes 
were demonstrated using highly sensitive nested PCR and reverse transcriptase 
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PCR (RT-PCR) in fresh lymphoma lesions and PBMC specimens co-cultured in 
optimized Hep-2 cell lines (Gérard et al.  2004 ; Contini et al.  2004,   2008 ; Pruckler 
et al.  1999  ) . In particular, positive products of 412 bp and 527 bp corresponding to 
 C. trachomatis  16S rRNA and ompA gene, respectively, and three HsP-60-encoding 
genes (Ct-110, Ct-604, Ct-755) corresponding to 114–161 bp were detected by PCR 
and RT-PCR in both clinical specimens. Sequencing of PCR products (ABI PRISM1 
DNA Sequencing) detected a strict homology with  C. trachomatis , as shown by 
BLAST analysis (Fig.  4.3 ).  

 The patient was given doxycycline 100 mg, twice a day, for 4 weeks without 
receiving any concomitant antiblastic or corticosteroid therapy in the period from 
the start of antibiotic therapy which was safe and well tolerated. 

  C. trachomatis  PCR DNA and mRNA transcripts were negative in PBMCs after 
the conclusion of antibiotic treatment and a signifi cant reduction of the ocular 
lesions was observed (Fig.  4.4 ).  C. trachomatis  eradication was monitored at 
molecular level by assessing patient’s PBMCs by blinded investigators 6 months 
later and after 9 months of follow-up. An ultrasonography performed at 6 months 

  Fig. 4.3    Sample PCR gene product and phylogenetic tree ( panel A  and  B , respectively) of 
 C. trachomatis  (C.t) analyzed by BLAST system showing the homology degree (99%) with Ct 
Hsp 60 (GroEL2)    gene (GeneBank accession n. AY447002.1)       
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from therapy, showed a complete disappearance of the lesion described. At 
12 month from doxycycline assumption,  C. trachomatis  was no longer detectable 
in the patient’s PBMCs.  

 One year after, the patient relapsed and a new ocular biopsy did detect OAL charac-
terized by an indolent lesion with salmon red patch appearance in the bulbar conjunctiva 
of the right eye. Histological diagnosis was again a marginal zone B-cell lymphoma of 
MALT-type. PCR identifi ed again all three genes products associated to Hsp-60 gene in 
absence of 16S rRNA and ompA gene, whereas RT-PCR revealed an amplifi cation sig-
nal corresponding only to the single Ct-604 portion of Hsp-60 cDNA which continued 
to be positive after the suspension of doxycycline, in absence of OAL. 

 Doxycycline was readministered as earlier. A marked reduction of the eye lesion 
was observed. A new evaluation of patient’s PBMCs 1 month after starting therapy 
did detect again the identical molecular profi le. Thus, an antibiotic regimen based on 
clarithromycin plus levofl oxacin (1 g per day for 1 month) was started. The PBMC 
RT-PCR was negative for Hsp-60 gene in absence of DNA (data not published). 

 Currently, the patient, at a distance of about 2 years from the lymphomatous 
manifestations, has no complaints and molecular tests are negative in PBMCs. 
Ultrasound examinations and CT scans of the eye are also negative. The PBMC 
follow up is performed every 6 months and so far there have not been observed 
signatures of  C. trachomatis  DNA.  

    4.4.3.3   Antibiotic Treatment and Signifi cance of Molecular Recovery 
of  C. trachomatis  in Patients with OAL 

 The above experience expands the knowledge about the aetiology of OAL and 
suggests the following considerations: 

 First, the fi nding of  C. trachomatis  in peripheral blood and in eye bioptic samples 
from a patient suffering from OAL of MALT type indicates that also this pathogen 

  Fig. 4.4    Right conjunctival lymphoma with typical salmon colour with diffuse margins 
( left ,  arrow ) and complete regression after doxycycline treatment ( right side ) (Reproduced from 
Contini et al.  (  2009  ) ). This material is reproduced with permission of John Wiley & Sons, Inc.       
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is another doxycycline-sensitive organism that may be involved in the pathogenesis 
of OAL. 

 As previously reported, tetracycline has shown to be a valid alternative to chemo-
therapy and radiation without causing the same toxic side effects. However, it was 
eradicating at initial diagnosis but not at relapse. 

 If other  Chlamydia  strains are implicated and may justify their later resistance 
to doxycycline, is not known. There is not enough knowledge about the either of 
isolation of strains that display resistance to recommended antibiotics or of 
mechanisms of possible resistance in isolates from patients failing treatment. On 
the other hand, an evaluation of antimicrobial resistance and treatment outcome in 
 C. trachomatis  infection is complicated by the lack of standardized tests, as well as 
by the fact that  in vitro  resistance does not correlate with clinical outcome. 

 Second, although clinical studies on the employment of macrolides and quino-
lones alone or in association have not been largely performed, these compounds 
could be effectively employed in clinical settings when doxycycline doesn’t work 
as expected. 

 The rationale for the use of macrolide clarithromycin is that this drug is 
among the fi rst line agents for the treatment of uncomplicated genital infections 
by  C. trachomatis  other than tetracyclines, quinolones and penicillins. 

 Clarithromycin has also shown to exhibit antitumoral activity in murine cancer 
models and also in patients with MZL of the gastrointestinal tract (Matsumoto and 
Iida  2005  ) . Conversely, ciprofl oxacin and ofl oxacin have shown to be not eradi-
cating the organism from host cells  in vitro , but rather to induce a state of  Chlamydia  
persistence characterized by the presence of noncultivable, but fully viable bacteria 
and the development of aberrant inclusions (Dreses-Werringloer et al.  2000  ) . Despite 
this, however, the association of both compounds has been effective in eradicating 
 C. trachomatis  Hsp-60 cDNA in clinical specimens as demonstrated by RT-PCR 
(Contini et al.  2009  ) . 

 Third, the fi nding of Chlamydial DNA alone does not necessarily correspond to 
an established, replicating infection. Hence, the molecular approach to demonstrate 
the presence and viability of  C. trachomatis  by identifying rRNA primary tran-
scripts is strongly justifi ed. Therefore, molecular methods directed to detection of 
both DNA and mRNA on fresh biopsy specimens and PBMCs could be useful not 
only for diagnosis but also for monitoring the Chlamydial genes related to bacterial 
persistence and to assess the effectiveness of therapy in these patients. In this 
setting, culture system has revealed to be highly effi cacious and sensitive, as active 
transcription of DNA from the organism was found in a persistent and metabolically 
active state in co-cultured PBMCs. 

 Finally, the absence of detection of multiple or single genes and in particular of 
the Ct 604 portion of Hsp-60 cDNA after clinical recovery, could represent a useful 
marker to monitor the progress of OAL. This however, remains an investigational 
approach which must be carefully assessed by properly designed trials. 

 The underlying HBV infection from which the patient suffered, is another impor-
tant factor which might have contributed to favour a condition of continuation of the 
persistent antigenic stimuli and to trigger a B-cell expansion into a lymphoma. 
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 Patients with HCV seropositivity have shown increased risk of developing B-cell 
non-Hodgkin lymphomas, particularly with an extranodal localization in the liver, 
spleen, salivary glands and OAL (De Vita et al.  1997  ) . 

 Up to now, few studies have investigated the association between chronic HBV 
infection and NHL and OALs. Chronic HBV infected patients have shown to be 
nearly three times more likely to develop NHL than comparison patients suggesting 
the possibility that HBV may also play in addition to its established role in the 
induction of hepatocellular carcinoma, an etiologic role in the induction of B-NHL 
(Ulcickas Yood et al.  2007  ) . 

 The possible contribution of HBV as well as HCV in lymphoma genesis is still a 
subject of discussion.    

    4.5   Conclusion 

 Infection from a variety of microorganisms must be considered as an important risk 
factor for cancer in humans. Approximately 20% of cancers worldwide are linked 
to viruses, bacteria, and parasites (Samaras et al.  2010  )  and the number of malig-
nancies associated with specifi c infectious disease agents continues to grow. 

  Chlamydiae  are intracellular bacteria growing in eukaryote cells with a tendency 
to cause persistent infection.  In vitro Chlamydia  persistence is well established and 
is characterised by altered growth and common ultrastructural traits. However, 
 in vitro  procedures currently available do not adequately refl ect the complex system 
of events that occur  in vivo  and which lead to persistence, although there have been 
observations of altered morphological forms similar to those observed  in vitro , for 
detection of  Chlamydia . 

 A long list of questions awaits a defi nitive answer about the exact role of 
 Chlamydia  in the context of cancer development. Although many advances have 
been made in better defi nition of the growth cycle, signalling pathways together 
with biochemical and microbiological aspects of bacterial pathogenesis, the under-
lying pathophysiological processes that lead to the development of chronic infl am-
matory disease and persistence have not been defi ned. Furthermore, the specifi c 
molecular mechanisms inducing cancer development by this pathogen have not yet 
been fully clarifi ed. 

  Chlamydia  has been associated with several types of cancer (cervical dysplasia 
and cancer, by  C. trachomatis , lung cancer and cutaneous T-cell lymphoma by 
 C. pneumoniae  and non gastrointestinal MALT-type lymphomas including OAL, 
by  C. psittaci ). 

 The high prevalence of  C. psittaci  in patients with OAL has suggested a poten-
tial role, although it has been documented an evident geographical variability and 
response to antibiotic treatment among different studies possibly related to the 
different techniques employed, the lack of stratifi cation of response rates on 
histological subtypes of OAL, genetic and phenotypic differences of  C. psittaci  
strains in different countries and the reduced time of follow-up of these patients. 
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In addition, the regression of lymphoma after antibiotic administration was often 
observed in patients not harbouring  C. psittaci  DNA, suggesting that other undis-
covered doxycycline-sensitive organisms may also be involved in the pathogen-
esis of disease. 

 The molecular and cultural evidence of  C. trachomatis  demonstrated for the fi rst 
time in a female patient with OAL, seems to suggest that this pathogen may also 
contribute to pathogenesis of such lymphoma. 

 Prospective studies on a larger number of cases, longer follow-up time and above 
all, the use of a panel of techniques directed to detection of both  Chlamydia  DNA 
and mRNA transcripts combined with appropriate cell cultures would be useful not 
only for screening and diagnosis but also for monitoring genes related to bacterial 
persistence and to assess the effectiveness of therapy in these patients. 

 The potential application of bacteria-eradicating therapy at local and systemic 
level may ultimately result in safer and more effi cient therapeutic option for patients 
affected by these malignancies. 

 Their management will necessarily take in account a close collaboration between 
experts in ophthalmology, infectious diseases and haematology, but would certainly 
represent an exciting challenge for the next few years.      
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  Abstract   This chapter reviews the current epidemiological indicators suggesting 
that  Salmonella typhi  could be a causal agent of gallbladder cancer (GBC). Both 
GBC and  S. typhi  occur in poor areas and are frequent in some Latin American 
(Chile, Mexico) and Asian (India, Korea) countries. In the developed world, typhoid 
or GBC are seen mainly among travelers or immigrants. While most people are 
susceptible to  S. typhi  infection, only 3% of infected become chronic carriers of 
 S. typhi  in their biliary tract. Gallstone carriers have a 6–15 times higher risk of 
becoming  S. typhi  carriers (Hofmann and Chianale, J Infect Dis, 167(4):993–994, 
1993).  S. typhi  chronic carriers have 3–200 times higher risk of GBC than non-car-
riers, and 1–6% lifetime risk to develop GBC (Caygill et al., Lancet 343(8889):83–
84, 1994; Eur J Cancer Prev 4(2):187–193, 1995).  S. typhi  associated relative risk of 
GBC is higher than that for gallstones (GS) alone; GS carriers have OR from 3 to 6 
and less than 1% lifetime risk to develop GBC (Hsing et al., Biliary tract cancer. In: 
Schottenfeld D, Fraumeni JF (eds) Cancer epidemiology and prevention, 3rd edn. 
Oxford University Press, New York, pp. 787–800, 2006; Pandey, J Surg Oncol 
93(8):640–643, 2006; Diehl, JAMA 250(17):2323–2326, 1983). The major steps in 
gallbladder carcinogenesis would be:  S. typhi  acute infection,  S. typhi  persistence as 
a chronic infection for decades, latency of 10 years to progress from metaplasia or 
dysplasia to pre cancer, and 5 years latency for invasion. Mechanistic research is 
needed to understand  S. typhi-GBC  association and provide tools for its control. 
Nevertheless, with the current epidemiological evidence much suffering could be 
prevented by: ( i)  health education, basic sanitation and food hygiene, to interrupt  S. 
typhi  transmission; ( ii)  treatment of chronic carriers, ( iii)  promotion of healthy diet 
and lifestyles to prevent gallstone formation, and ( iv)  cholecystectomy of gallstone 
disease in high risk areas to prevent invasive GBC.  

    C.   Ferreccio   (*)
     Departamento de Salud Pública/Escuela de Medicina ,  Pontifi cia Universidad 
Católica de Chile ,   Marcoleta 434 ,  Santiago ,  Chile    
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    5.1   Introduction 

  S. typhi  is a human adapted pathogen causing self limited acute infections, 80% of 
which are asymptomatic; among symptomatic patients, 3% become chronic carriers 
of  S. typhi  in the biliary tract. Various studies have described  S. typhi  persistence in 
GB associated with GBC decades after the primo infection (Welton et al.  1979 ; 
Vaishnavi et al.  2005 ; Caygill et al.  1994,   1995 ; Mellemgaard and Gaarslev  1988 ; 
Lai et al.  1992 ; el-Zayadi et al.  1991 ; Andia et al.  2008  ) . The major steps in GB 
carcinogenesis would be:  S. typhi  infection, certain host (gallstones) and bacterial 
(microfi lms) factors that facilitate  S. typhi  persistence over decades, still other fac-
tors (endogenous or exogenous) that facilitate progression to dysplasia or precan-
cerous lesions, and invasion. It is not known if this chronic infection requires live 
 S. typhi  or a dormant or L form of  S. typhi . Other than  S. typhi, Salmonella paratyphi  
A and B cause a similar clinical picture, but little is known about their potential for 
GBC carcinogenicity, and since these types are less frequent than  S. typhi,  they will 
not be considered in this chapter. We will fi rst review  S. typhi  acute and chronic 
infection, then go over the epidemiology of GBC, ending with a discussion of the 
elements that make plausible a causal role of  S typhi  in at least some GBC cases.  

    5.2    Salmonella typhi  Infection, Transmission and Acquisition 

  S. enterica  serotype  typhi  is a member of the family  Enterobacteriaceae , it has some 
antigens that induce antibodies used in clinical diagnoses of acute (somatic O and 
fl agellar H) or chronic infection (capsular Vi). The Vi capsular antigen of  S. typhi  is 
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also present in some strains of  S. enterica  serotypes  hirschfeldii (paratyphi C)  and 
 dublin , and  Citrobacter freundii  (Parry et al.  2002  ) . Humans are the reservoir and 
natural host of  S. typhi . The fecal-oral route has been the main route of acquisition of 
 S. typhi  infection.  S. typhi  has been isolated in various food items, rivers, irrigation 
waters, and sewage, where it can survive several days (Sears et al.  1984,   1986  ) . An 
infected person can transmit  S. typhi  directly by contaminated hand-mouth (as in chil-
dren) or hand-food (as food-handlers) routes; these are called the short cycle of trans-
mission, in contrary to the long cycle, in which the bacteria gets to the host after an 
environmental transit, typically sewage contaminated water sources. TF was an impor-
tant killer in Europe and North America in the nineteenth century, but its transmission 
and occurrence declined sharply with the availability of basic sanitation for most of 
that population. The decline of TF began much earlier than any specifi c treatment 
(like Cloramphenicol and other antibiotics) or preventive measure (like Vi vaccines) 
were available, confi rming the environmental nature of this infection. In developing 
countries, the most noticeable impact on TF was described in Chile, where it had been 
highly endemic since the fi rsts reports in the 1930s, associated with the wide use of 
sewage contaminated irrigation water. It affected the populated urban areas reaching 
its peak in the mid 1970s in the Metropolitan Region, with rates of 121/100,000 cases 
per population and lethality below 1%. TF dropped dramatically in Chile in 1990, 
being an unexpected result of the strong environmental and public health interven-
tions including, police enforced prohibition of sewage contaminated irrigation waters, 
health education, food handlers control, which took place in response to the Cholera 
epidemic that was affecting the neighboring country of Peru that year (Fig.  5.1 ) (Laval 
and Ferreccio  2007  ) . This panic driven intervention demonstrated what most epidemi-
ologists knew at that time, that the provision of safe drinking water was not suffi cient 
to stop transmission, a safe sewage disposal system was necessary. In most developing 
countries the fi nal disposal of sewage is usually neglected, thus fecal contamination of 
food and secondary contamination of water sources is frequent.  

  Fig. 5.1    Typhoid Fever Incidence    in Chile 1950–2006 (Source: Personal elaboration from Chilean 
Ministry of Health Statistics)       
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    5.2.1   Acute  S. typhi  Infection: Typhoid Fever (TF) 

    5.2.1.1   Natural History and Clinical Presentation 

 Once ingested,  S. typhi  reaches the small intestine, adhere to mucosal cells and 
invades the mucosa. It is transported to the underlying lymphoid tissue and to the 
mononuclear phagocyte system in lymphoid follicles, liver, and spleen, where 
 Salmonella  multiplies within the phagocytes. After an incubation period of 
7–14 days, bacteria are released into the bloodstream to invade the liver, spleen, 
bone marrow, gallbladder and the intestine. This second invasion causes fever, 
 malaise, headache, anorexia, nausea, abdominal discomfort, dry cough, and myal-
gia, lasting 2 weeks if uncomplicated. Up to 10% of convalescing patients with 
untreated typhoid excrete  S. typhi  in the feces for up to 3 months, 1–4% become 
long-term carriers, excreting the organism for more than 1 year. Up to 25% of long-
term carriers have no history of typhoid. Chronic carriage is more common among 
women and the elderly and in patients with cholelithiasis (Parry et al.  2002  ) . 
Antibiotic (Cloramphenicol) treatment for TF was introduced in 1948, decreasing 
signifi cantly its lethality. In the last decades, however, there has been an emergence 
of resistance to chloramphenicol and other antimicrobial agents, which is causing 
concern (Parry et al.  2002  ) . Current case-fatality rate is 1–10%, with an average of 
3%. Nevertheless, the available data on the natural history of TF, as well as the esti-
mates of its incidence and severity, is insuffi cient to estimate the real burden of the 
disease (Crump et al.  2008  ) . 

      Risk Factors for Typhoid Fever 

 The main route of transmission in areas with high TF incidence is via the environ-
ment, by fecal contamination of water and food. In areas of intermediate incidence, 
the short cycle becomes more relevant, i.e. by the hand to mouth or hand to food 
routes. In areas of very low incidence, most cases are imported (infection acquired 
abroad). Poverty is a common factor for both environmental pollution and insuffi -
cient water and food handling controls. The short cycle is mainly caused by silent 
chronic carriers of  S. typhi . Some genetic polymorphisms have been associated to 
the evolution of  S. typhi  infection (Kothari et al.  2008  ) . There are no other vectors 
or animal reservoirs of  S. typhi .   

    5.2.1.2   Worldwide Distribution of Typhoid Fever 

      Incidence in Endemic Areas 

 According to Crump et al.  (  2004  ) , the current high risk (rates > 100/100,000 cases/
year) areas for TF are South-Central Asia and South-East Asia, while medium 
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 incidence (rates 10–100/100,000 cases/year) areas include the rest of Asia, Africa, 
Latin America and the Caribbean, and Oceania (except Australia and New Zealand); 
in Africa the disease is probably under-reported. Europe, North America and the 
rest of the western world present low incidence (rates <10/100,000 cases/year) of 
TF. Crump also estimated that in 2000 there were 22 million cases of TF and 217,000 
deaths. The incidence can vary widely depending on the study methods, as sum-
marized by Kothari et al.  (  2008  ) . A study in Pakistan in 2006 estimated an incidence 
rate of 170/100,000 using blood cultures, rising to 710/100,000 based on serologi-
cal testing (Siddiqui et al.  2006  ) .  

      Age Specifi c Incident Infection 

 Most cases occur in school-age children, with a sharp increase at 5–9 years of age, 
associated with an increase in the number of contacts once entering school, and 
higher levels of exposure at school, where children eat and share food. Incidence 
rates are high until age 20; at 20–34 years of age incidence of TF decreases, and after 
35 years of age it drops even further, reaching a very low incidence at 65 years of age 
or older. Recent reviews suggest an inverse correlation between TF incidence and 
mean age of cases. In moderate incidence areas TF peak age is 5–19 years, while in 
highly endemic areas the peak incidence is at 1–5 years of age (Kothari et al.  2008 ; 
Crump et al.  2008  ) . Most infections are asymptomatic, particularly in children under 
2 years of age who do not develop the typical TF presentation, but a benign bacter-
emia (Ferreccio et al.  1984  ) . It is not known if these early infections represent a 
higher risk of GBC at older ages nor if the asymptomatic infections present a similar 
rate of becoming chronic or latent infections than the symptomatic ones.  

      Seasonality 

 In many countries, TF is more frequent in the summer seasons, associated with a 
higher environmental transmission rate in that period. When the incidence is low, 
the age curve, as well as its seasonality, tends to fl atten, and most cases are associ-
ated to food handlers with small outbreaks that affect all susceptible that have been 
exposed (Laval and Ferreccio  2007  ) .  

      Recent Trends 

 In the last 20 years, there have been reports of the isolation of  S. typhi  strains resis-
tant to Ampicillin, Cloramphenicol and Trimethoprim-sulfamethoxazole, estimated 
to be 12% in 1985–94 and reaching 17% in 1997. In USA, there have also been 
reports of increasing rates of isolation of strains resistant to Nalidix acid, a proxy for 
resistance to fl uoroquinolones, from 19% in 1999 to 54% in 2006 with most cases 
occurring in travelers from the Indian subcontinent (Lynch et al.  2009  ) . 
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 In Asia, there have been reports of an increase in the isolation of  S. paratyphi A,  
reaching 50% of the cases in some areas. Its clinical characteristics are indistin-
guishable from those of  S. typhi  (Crump and Mintz  2010  )  .     

    5.2.2   Chronic  S. typhi  Infection 

    5.2.2.1   Prevalence of  S. typhi  Chronic Carriers 

 The chronic carriage rate varies markedly by age, from 0.1% in children to 13.5% 
in adults, and at age 50 the prevalence doubles that of age 20, whilst carriage is at 
least twice as high among women (Cvjetanovic et al.  1971  ) . A study of the New 
York State register showed that only 0.3% of cases under 20 years old became 
chronic carriers, doubling the rate of carriage every 10-year interval, reaching 2.1%, 
4.4%, 8.8% and 10.1% at ages 20–30, 30–40, 40–50 and 50–60 respectively (Ames 
and Robins  1943  ) . During the acute phase, there was no difference in the rate of 
fecal recovery of  S. typhi  among males and females (Ames and Robins  1943  ) . The 
rate of carriage is higher among those having TF concurrently with cholelithiasis 
(Levine et al.  1982  ) . The prevalence of chronic carriers in India, based on Vi serol-
ogy, was 1.8% among blood bank donors, in contrast with 7–12% among patients 
with various gastroenterological conditions (Vaishnavi et al.  2005  ) . This is compa-
rable with the fi gures estimated by Levine et al.  (  1982  )  for the Chilean population 
of Santiago in 1980, where chronic  S. typhi  carriage ranged from 0.1% to 1.0% in 
men and from 3.8% to 5.6% among women. Levine estimated that, there were 
22,000 female and 4,000 male chronic carriers of  S. typhi , with a prevalence of 6.9 
per 1,000 inhabitants (Levine et al.  1982,   1984  ) . The isolation of  S. typhi  was higher 
in acute cholecystitis (6–9%) than in chronic cholecystitis (1.5–3.6%) (Nervi et al. 
 1984 ; Ristori et al.  1982a,   b ; Levine et al.  1984  ) . Levine’s estimates were conserva-
tive because they were based on bacterial culture in bile. A follow-up of 45 carriers 
of  S. typhi  demonstrated that the bacteria persisted in 22% of them after gallbladder 
removal (Ristori et al.  1982b  ) , indicating that in those cases  S. typhi  had a niche, 
probably in another part of the biliary tract.  

    5.2.2.2   Laboratory Methods to Identify Chronic Carriers 

 The most used method to identify chronic carriers of  S. typhi  has been the antibodies 
detection against its Vi capsular antigen. These tests have evolved improving their 
accuracy. Since 1930, the test was based on a Vi-rich  S. typhi  strain antigen and the 
detection technique was a direct bacterial agglutination, which caused both false 
negatives and false positives results (Lanata et al.  1983  ) . In 1972, Wong and Feeley 
described a method based on a highly purifi ed Vi antigen prepared from  Citrobacter 
freundii  and used a passive haemagglutination assay (Lanata et al.  1983  ) . This new 
test was evaluated in both endemic and non-endemic areas, demonstrating that Vi 
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serology was a moderately adequate screening technique to identify chronic carriers 
of  S. typhi  (sensitivity 75%, specifi city 92%) (Lanata et al.  1983  ) . In 1987, the tech-
nique was improved by the development of an ELISA test adapted to assess the rela-
tive occurrence of Vi-specifi c IgG, IgM, and IgA in the carrier state, resulting in a 
better test performance (IgG sensitivity 86% and specifi city 95%), even in epidemic 
settings (Losonsky et al.  1987  ) . The performance of IgM and IgA antibodies in 
detecting chronic carriers was poorer in comparison to IgG. The sensitivity of IgM-
specifi c Vi was 37%, while IgA was present in similar proportion (72%) in chronic 
carriers and acute TF cases (Losonsky et al.  1987  ) . Thus the most sensitive means 
to date for identifying chronic carriers had been the ELISA test to measure Vi anti-
body levels, which are usually much higher in chronic carriers than in acute infec-
tion or convalescence (Losonsky et al.  1987  ) . Similar results were found in USA 
(Lin et al.  1988  ) . 

 Recently, Tewari et al.  (  2010  )  compared Widal test, Vi antigen, culture and PCR 
among GBC and gallstone controls. He did not fi nd any signifi cant difference in the 
serological tests, but PCR in bile or tissue were positive only among GBC (3.7% 
and 33.3% respectively), suggesting that PCR is more specifi c for identifying 
chronic carriers (Tewari et al.  2010  ) . Nath et al.  (  2008  )  compared GBC, gallstone 
patients, healthy population and corpses with regards to various methods of identi-
fying  S. typhi  infection (Nath et al.  2008  ) . Overall, the culture was positive in only 
3.8% in GBC, 0.9% in gallbladder benign diseases and 0% in corpses. Vi antibodies 
were signifi cantly higher among GBC than benign gallbladder disease or the healthy 
controls with 38%, 14% and 9% respectively (Nath et al.  2008  ) . Antibodies against 
antigen O or antigen H were also higher among GBC cases than the two other 
groups (23%, 12% and 13% for antigen O respectively and 21%, 8% and 10% for 
antigen H). Also specifi c PCR against  S. typhi  fl agellin was signifi cantly higher 
among GBC than benign gallbladder disease or corpses without gallbladder disease 
(67%, 43% and 8%, respectively). Interestingly, in the control groups he found that 
women had higher  S. typhi  chronic infection than men at every age, confi rming the 
higher female susceptibility to become  S. typhi  carriers. Male and female Vi anti-
bodies were 0% and 10.2% under age 30, 20% and 24% at 30–60 years of age (Nath 
et al.  2008  ) .  

    5.2.2.3   Determinants of Chronic Persistence of  S. typhi  

 In some cases  S. typhi  will persist in the bile duct and feces and Vi antibodies will 
be higher than in acute infection or in convalescence. Subjects with gallstone dis-
ease have an odds ratio of 15 for becoming a chronic carrier compared with people 
without gallbladder disease (Hofmann and Chianale  1993  ) . Females have two to 
three times higher risk of becoming carriers (Levine et al.  1982  ) , but most women 
with GS who develop TF are able to clear the infection in a few months.  S. typhi  can 
be cleared completely by the cell mediated immune system and most cases become 
resistant to a new infection. Nevertheless, new episodes of TF years after an acute 
infection have been described, which could represent a new infection or a reactivation 
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of a latent infection.  S. typhi  has not been studied enough to be able to determine 
whether the new infection is caused by the same or a new bacteria. Also, the tradi-
tional techniques to identify  S. typhi , based on bacterial cultures, were very insensi-
tive and there may have been many more asymptomatic chronic carriers than 
estimated. 

 In Chile, among 874 patients with confi rmed TF, those who became chronic car-
riers had a higher frequency of erythrocyte ABH non-secretor phenotype than non-
carriers of  S typhi . This fi nding suggests that the carrier state may be genetically 
determined and that the ABH carbohydrates secreted in the bile may interfere with 
 S. typhi  adherence to the bile tract (Hofmann and Chianale  1993  ) .  

    5.2.2.4   Mechanism of  S. typhi  Persistence in the Gallbladder 

  Salmonella  is highly resistant to bile. The bacteria adhere to specifi c parts of GS 
suggesting a receptor which could either be cholesterol or calcium bilirrubinate 
(Prouty et al.  2002  ) . It has been shown that  S. typhi  has the capability of forming a 
microfi lm around the stones, where it is protected from the host bile and from anti-
biotics. Bile is the signal for the bacteria to form a microfi lm (Prouty et al.  2002  ) .  

    5.2.2.5   Characteristics of  S. typhi  That Could Explain Its Oncogenicity 

 The presence of other still unknown factors is necessary for a chronic GB infection 
with  S. typhi  to evolve into cancer. Characteristics of the infection itself may infl u-
ence risk, for instance,  S. typhi  type or co-infection with other microorganism 
agents. Recent studies have demonstrated that  S. typhi  has certain characteristics 
that may explain its association with GBC. In 2010, Nath reviewed the mechanisms 
that could be behind  S. typhi  carcinogenicity. He proposed that  S. typhi  lives in the 
liver and is excreted intermittently into the gallbladder, where its metabolites and 
mutagens are concentrated more than ten times. He also discussed various carcino-
gens produced by  S. typhi,  such as bacterial glucuronidase   , secondary bile acids and 
nitroso compounds. He emphasized the cytolethal distending toxin (CDT), a geno-
toxin with immunomodulatory capability which reaches the nucleus of the infected 
cell causing DNA damage (Nath et al.  2010  ) . Thus, today there is enough mechanis-
tic data to consider  S. typhi  as a plausible causal agent of GBC. 

 In the last few years there have been numerous reports of genetic and phyloge-
netic studies using new high throughput techniques which have permitted to iden-
tify  S. typhi  haplotypes and which open the fi eld for more molecular epidemiological 
studies (Baker et al.  2010  ) . It has also been speculated that the well known capabil-
ity of bacteria to interchange DNA with other microorganisms, as well as with 
humans (lateral gene transfer), could be playing a role in the carcinogenic process 
(Khan and Shrivastava  2010  ) .   
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    5.2.3   Prevention and Control of Typhoid Fever 

    5.2.3.1   Environmental Hygiene 

 The main prevention strategy is environmental hygiene. It goes to the original cause 
of the problem and has many other positive externalities. Nevertheless, it requires 
signifi cant initial resources which may not be available in areas where they are most 
needed. Thus, other individual based prevention strategies may be considered.  

    5.2.3.2   Individual Based Interventions Including  S. typhi  Vaccine, 
Control of Food Handlers, Eradication of Chronic Carriers 

 There are two widely used vaccines, the TY21 oral vaccine and the purifi ed Vi par-
enteral vaccine. They both provide a protection of approximately 70%. The oral 
vaccine is given in four doses to children over age 6 with a booster every 5 years. The 
Vi vaccine is one intramuscular dose with a recommended booster every 2 years .  

 To decrease the transmission by silent chronic carriers the most effi cient is health 
education. It is impractical and non-feasible to conduct a study of chronic carriers, 
either population-based detection or among food handlers. For this last group, what 
is usually done is to conduct an enteric disease prevention program through educa-
tion and control of food handling practices. Additionally, in many places food han-
dlers must get a  S. typhi  vaccine. To control localized outbreaks of TF, health 
authorities must search for a chronic carrier and when found she/he must be sepa-
rated from food handling until eradication of ST has been documented.    

    5.3   Gallbladder Cancer 

    5.3.1   Epidemiology and Worldwide Distribution 

 The best available information of GBC incidence worldwide comes from the IARC 
(IARC 2009). In every country reported, the highest risk is found among women, 
thus we will use age standardized incidence rates per 100,000 women for world-
wide comparisons. In Africa, the GBC incidence rates in women range from 0.4 to 
0.7 in Uganda and Zimbabwe to 10.0 in Algeria. In Central and South America, 
rates range from around 3 in Argentina, Brazil and Costa Rica, increasing to around 
7 in Peru and Ecuador, and peaking in 27.3 in Chile, being the highest ever reported 
worldwide. In North America, Canada provinces are mostly below 2, increasing to 
5 in the Northwestern Territories, and in USA all states report rates below 2. In Asia, 
China reports rates from 2 to 5 in Shanghai, in India rates range from 0.8 in Madras 
to 8.6 in New Delhi, Japan reports rates from 4.5 to 6.5, Korea reports rates from 
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6 to 8, Kuwait, Thailand and Turkey’s rates are all around 2, and Pakistan reports 
rates close to 5. In Europe, the lowest rates, around 1, are in UK, most countries 
report rates between 2 and 3. Oceania reports rates from 1 in Hawaii to 2.6 in 
Australia’s Northern Territory (Table  5.1 ). Rates in the province of Valdivia in Chile 
are higher than the most cited previous IARC report of population-based cancer 
registries worldwide (Ferlay et al.  2004  ) . The last IARC incidence data included for 
the fi rst time the Valdivia data (GBC incidence 27.3 and 8.6 per 100,000 women and 
men) (Curado et al.  2007  ) . A particularly high risk groups in Valdivia are Mapuche 
women from low socioeconomic status with an incidence rate of 269.2. These 
women are probably concentrating various risk factors (Bertran et al.  2010  ) . Chile 
also ranks fi rst in terms of GBC mortality among females, with an age standardized 
mortality rate of 12.7, followed by the Czech Republic and the Republic of Korea 
with 4.5 and 4.4 respectively. Among males, Korea, Chile and Japan occupy fi rst 
place with rates of 6.5, 6.2 and 5.1 respectively (IARC 2009) (Fig.  5.2 ).    

    5.3.2   Clinical Presentation and Survival 

 Most of GBC cases (68%) present at a very advanced stage (stage IV) of the disease, 
with silent jaundice, weight loss and palpable abdominal tumour. The most frequent 
symptom is abdominal pain (83%), in 16% of cases the diagnosis is incidental dur-
ing gallstone surgery, and in 9% of cases the diagnosis is post mortem. Nearly 80% 
of cases present GS (Bertran et al.  2010  ) . 

 The 5-year survival is only 10.3% for population based series in high risk areas 
(Bertran et al.  2010  ) , which is very similar to the 11–14% survival in hospital based 
series including high and low risk areas (Gabrielli et al.  2010  ) . These fi gures are 
within the range of those reported worldwide, including USA (Konstantinidis et al. 
 2009  ) , Japan (Kayahara et al.  2008  ) , Mexico (Gomez-Roel et al.  2007  )  and India 
(Batra et al.  2005  ) . In all scenarios, the main factor for survival is stage at diagnosis.  

    5.3.3   Natural History of GBC 

 Most (80%) GBC in high risk areas arise in gallbladders with GS. The prevalence 
of an incidental fi nding of GBC in gallbladder surgical specimens was around 4% 
in various studies in Mexico and Chile (Albores-Saavedra et al.  1980 ; Roa et al. 
 2006,   2009 ; Goldin and Roa  2009  ) . In addition to the 4.0% of carcinoma, they 
found 0.8% of dysplasia. Most (92%) invasive GBC presented chronic infl amma-
tion of the gallbladder, 81% had dysplasia, 69% had cancer  in situ  and 66% had 
metaplasia in the tissue adjacent to the cancer. They also coincide in that the major-
ity (72%) of mucous carcinoma was undetectable macroscopically. From the pathol-
ogist’s view, the natural history of GBC begins with cholecystitis, continues with 
the development of dysplasia 10 years later, and ends in GBC 5–10 years after that 



1275  Salmonella typhi  and Gallbladder Cancer

   Table 5.1    Incidence rates    of GBC in women worldwide      

 Age standardized (world) incidence rate (per 100,000) of gallbladder cancer, selected 
registries 

 Male  Female 

 Africa  Algeria, Setif  2.1  10.0 
 Tunisia, Centre, Sousse  1.8  3.1 
 Egypt, Gharbiah  1.2  1.0 
 Zimbabwe, Harare: African  0.7  0.7 
 Uganda, Kyadondo Country  0.5  0.4 

 Gallbladder 
America, 
Central And 
South 

 Chile, Valdivia  12.3  27.3 
 Ecuador, Quito  4.5  7.4 
 Brazil, Goiania  3.1  3.5 
 Brazil, Cuiaba  1.1  2.0 
 France, La Martinique  1.1  2.2 

 America, North  USA   , California Los Angeles: Korean  5.9  3.6 
 USA, California Los Angeles: Japanese  2.6  1.4 
 USA, California Los Angeles: Hispanic White  2.4  3.9 
 USA, California Los Angeles: Filipino  2.3  2.0 
 USA, Georgia: Black  0.9  1.1 
 USA, District of Columbia: White  0.8  0.9 

 Asia   Japan, Yamagata Prefecture  8.4  6.0 
 India, New Delhi  3.9  8.6 
 Bahrain: Bahraini  0.8  0.9 
 India, Nagpur  0.8  0.8 
 Korea, Daegu  10.4  7.5 
 Philippines, Manila  1.2  1.3 
 Oman: Omani  0.8  1.1 
 Thailand, Songkhla  0.8  1.2 
 Malaysia, Sarawak  0.6  0.9 

 Europe  Czech Republic  4.4  6.0 
 Italy, Varese Province  4.1  3.1 
 Germany, Mecklenburg-Western Pomerania  3.7  4.9 
 Spain, Navarra  3.1  3.0 
 Slovak Republic  3.6  5.9 
 France, Loire-Atlantique  1.2  1.0 
 Belgium, Flanders  1.0  1.1 
 UK, England, North Western  0.9  0.9 

 Oceania  Australia, Northern Territory  2.7  2.6 
 New Zealand  1.3  1.4 
 USA, Hawaii: Chinese  1.2  1.3 

  Source: Personal elaboration from International Agency for Research on Cancer (International 
Agency for Research on Cancer (IARC)  2009  ) .  

(Roa et al.  2009  ) . Mean age of dysplasia cases was 46.3, early cancer 57.5, advanced 
cancer 59 and metastatic cancer 61 (Roa et al.  1996  ) . The vast majority (98%) of the 
histological types of GBC correspond to adenocarcinomas, moderately or poorly dif-
ferentiated (Albores-Saavedra et al.  1980 ; Roa et al.  2006,   2009 ; Goldin and Roa  2009  ) . 
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Most GBC would arise from a metaplasia or dysplasia, while the minority arises 
from a pre-existing adenoma. These two pathways have different genetic alterations 
and, possibly, diverse etiologies (Goldin and Roa  2009  ) . The fi rst and most frequent 
pathway is through GS and chronic infl ammation, and the other is associated with 
abnormality of the pancreatic-bile junction (Wistuba and Gazdar  2004  ) . For the 
gallstone pathway, early TP53 inactivation in gallstone disease and chronic infl am-
mation has been described, while KRAS mutations are frequent in the second path-
way (Wistuba and Gazdar  2004  ) .  

    5.3.4   Risk Factors of GBC 

    5.3.4.1   Gallstones 

 Data about prevalence of GS came from studies of autopsies which showed a wide 
variation among populations – 3–70% in women and 0–20% in men. In every study, 
prevalence increased with age, in women, and in Amerindians. In 1976, Brett 
reviewed autopsies reported worldwide, for the period 1870–1940: gallbladder 
stones were found in 37.8% of women and 26.2% of men in Vienna; 30% of women 
and 20% of men in Rochester, Stockholm and Copenhagen; and the lowest rates, 
3–5% in women and 3–4% in men, were reported in Japan, Korea and Peking. From 
1940 to 1973, reported gallstone prevalence were higher, 52.6% in women and 
26.2% in men in Malmo, Sweden, and 40–50% in women and 17–20% in men in 

  Fig. 5.2    Galbladder cancer mortality Chile 1982–2008 (Source: Personal elaboration from Chilean 
Ministry of Health Statistics)       
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American Indians in USA and Chileans from Santiago. In this same period the 
 lowest prevalence, 3–7% in women and 0.5–6% in men, was reported for Leningrad, 
Singapore, Thailand, blacks in Johannesburg and blacks in Chicago (Brett and 
Barker  1976  ) . Diehl  (  1998  )  estimated that one third of white American women car-
ried GS, African Americans had half the prevalence of Hispanic-whites, and 
American Indians had the highest rates, reaching 70% of women. Similarly high 
rates have been reported in other North American Indians, suggesting a common 
genetic determinant (Diehl  1998  ) . The prevalence of GS among American women 
living in USA (33% at age 50–59) (Diehl et al.  1980  )  was higher than that reported 
for women of the same age (22%) living in Mexico (Méndez-Sánchez et al.  2004  ) . 
In South East England, the prevalence of GS in necropsies had little change in the 
period 1988–1998, varied from 20% to 19% among men and from 30% to 29% 
among women (Khan et al.  2009  ) . Current studies using ultrasonography also show 
wide variation in the prevalence of GS worldwide: 15% among Turkish postmeno-
pausal women (Karayalçin et al.  2010  ) , and 10% among women over age 50 in 
Northern India (Unisa et al.  2011  ) . A study comparing gallstone prevalence in 
Denmark and Germany confi rmed the lower prevalence among Danish (women 
13.1%, men 6.0%) than northeast German (women 24.8%, men 10.9%) populations 
(Friedrich et al.  2009  ) . The highest prevalence (52.7%) was among German women 
aged 65–74 years. No difference was found in known risk factors between these 
populations that could explain the excess of risk. The newest report of GS preva-
lence in the general population came from the US National Health and Nutrition 
Examination, which gave the fi gures of 7% for GS and 5% for cholecystectomy 
(Ruhl and Everhart  2011  ) .  

    5.3.4.2   Gallstones and GBC 

 In 1951, Lieber reported the association of GBC with GS in autopsies in Philadelphia, 
USA, which increased the prevalence of GBC three, fi ve and tenfolds among white 
women, white men and black men respectively (Lieber  1952  ) . This association has 
also been reported in the Latino population of USA, where the excess of GS in 
Mexican American women is accompanied by an excess of GBC death in this group, 
while other Latino populations in USA, from Cuba and Puerto Rico, do not present 
excess of lithiasis nor of gallbladder cancer (Diehl  1998  ) . In Chile, prevalence of 
GBC as a fi nding in gallbladder surgery is higher in women than in men (3.4% and 
1.3%); after age 70, this prevalence increases to 20% among women and 5% among 
men (Csendes et al.  1991  ) . A recent prospective study of 2,018 subjects with gall-
stone disease followed for 18 years, found a higher all-cause mortality (Hazard 
Ratio (HR) 1.3, 95% CI 1.1–1.5), cardiovascular mortality (HR 1.3, 95% CI 1.1–1.5) 
and cancer mortality (HR 1.3, 95% CI 1.1–1.5); 5 cases of cancer were identifi ed, 
of which only 1 corresponded to GBC. The risk was similar in subjects with stones 
than those with cholecystectomy (Ruhl and Everhart  2011  ) . In England, the preva-
lence ratio of GBC in necropsies among those with GS was 3.4 for women and 4.4 
for men (Khan et al.  2009  ) . 
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 Large stones represent a signifi cantly higher risk than small stones (Csendes 
et al.  2000  ) ; compared with stones <1 cm, those  ³ 3 cm have an odds ratio for cancer 
of 9 (Diehl  1983  )  and 10 (Lowenfels et al.  1989  ) . Stones >3 cm were more frequent 
in GBC (40%) than in similar age controls (12%) (Lowenfels et al.  1989  ) . 

 Even though GS are always named as a cause of GBC, it is far from being proven 
(Wistuba and Gazdar  2004  ) . The arguments in favor of stones causing GBC are: the 
ecological evidence that both diseases coincide in the same population and in the 
same sex (women); the presence of GS in the vast majority of GBC in high risk 
areas (85–90% in Chile, 60–70% in India); the positive association of risk of GBC 
with size of GS (relative risk of 10 for 3 cm vs. 1 cm stones); and the increase in 
incidence and mortality of GBC observed after a drop in number of gallstone sur-
geries (Serra et al.  1990 ; Chianale et al.  1990  ) . Also, cohort studies demonstrated 
that people with GS have a 6.6-fold risk of dying from cancers, including GBC, than 
those without GS (Grimaldi et al.  1993  ) . The arguments against its causality are that 
only 1–3% of gallstone cases will develop GBC and not all GBC are associated with 
stones (in Japan only 50% of GBC have stones), and that in areas where GBC is low, 
i.e. low risk areas, the gender preference of GBC tends to disappear, thus suggesting 
a different pathologic process (Wistuba and Gazdar  2004  ) .  

    5.3.4.3   Genetic Susceptibility 

 As mentioned above, GBC is more frequent in populations with a high prevalence 
of GS, such as the natives of North, (Lemrow et al.  2008  )  Central and South America 
(Lazcano-Ponce et al.  2001  ) . GS are strongly related with Amerindian genes 
(Galman et al.  2004 ; Méndez-Sánchez et al.  2004  )  and have been associated with an 
increase in bile acid synthesis, polymorphisms in the lipid metabolism (Galman 
et al.  2004  ) , and a high rate of cholesterol lithogenesis (Galman et al.  2004  ) . Recent 
reports have associated GS and GBC with polymorphisms in the lipid metabolism 
and insulin sensitivity in Chinese populations (Chang et al.  2008 ; Andreotti et al. 
 2008  ) .  

    5.3.4.4   Lifestyle and Hormonal Factors 

 In Chile, those residing in rural areas are protected from GBC (Bertran et al.  2010  )  
and this is in agreement with ecological studies suggesting a higher prevalence of 
environmental risk factors in urban areas, e.g. rate of typhoid infection (Laval and 
Ferreccio  2007  )  and hormone use and obesity (Serra et al.  2002  ) , or of protective 
factors in rural areas, e.g., higher fruit and vegetable intake (Serra et al.  2002  )  and 
higher physical activity. The protective effect of rural residence overcomes the fact 
that the rural population has a higher rate of poverty. 

 Hsing et al.  (  2006  )  reviewed the evidence of the effects of diet on GBC, indicat-
ing that dietary components (sugar and fat) play a smaller role compared with obe-
sity, physical activity and energy balance (Hsing et al.  2006  ) . 



1315  Salmonella typhi  and Gallbladder Cancer

 The review of the evidence of the effects of estrogens in GBC concluded that 
endogenous estrogens would increase GBC risk by promoting gallstone formation 
or through a direct effect on the biliary epithelium, but that there was no clear asso-
ciation with exogenous estrogens (Hsing et al.  2006  ) .  

    5.3.4.5   Environmental Factor 

 In a review, Pandey concluded that there was not suffi cient evidence of an association 
of GBC with chemical contaminants (Pandey  2006  ) . In Chile, the heavy metal con-
taminated areas of Northern regions present below average risks of GBC, much lower 
than Southern areas where chemical contamination is lower (Andia et al.  2008  ) . 

 A recent analysis of cancer deaths among immigrants in Sweden (Hemminki 
et al.  2010  )  found that Indian and Chilean women had an excess of GBC. Interestingly, 
these women immigrated to Sweden after age 27, thus the environmental agent – 
biological, chemical or physical − must have acted at earlier ages.  

    5.3.4.6   Epidemiological Evidence of the Association 
Between  S. typhi  Infection and GBC 

 Until recently, the existing methods did not accurately separate infected from non-
infected, posing an extra challenge for studies of the association of S . typhi  infection 
and GBC. Thus, today the role of  S. typhi  in GBC is highly debated. Here we review 
the arguments in favor of the theory. 

      Retrospective Cohort Studies 

 One of the fi rst epidemiological reports of the association between  S. typhi  infection 
and GBC came from Welton et al.  (  1979  ) , who compared the causes of death of 471 
chronic carriers of  S. typhi  with 942 controls matched by age-sex, year of death, and 
place of birth and death, reporting that chronic carriers had a six times higher risk of 
dying from GBC (p < 0.001). A similar fi nding was reported by Mellemgaard and 
Gaarslev  (  1988  )  based on the Danish registry of  S. typhi  carriers, comparing the 
observed causes of death of 219 chronic carriers with age-time-sex incidence rates 
for the whole country. A standard mortality ratio (SMR) of 3.85 for hepatobiliary 
tract cancer was reported. In 1994, Caygill et al. reported the SMR of GBC for 
chronic carriers of  S typhi . They included two groups of carriers: 83 cases from the 
Glasgow carrier register and 387 cases identifi ed during the follow-up of the 1964 
Aberdeen outbreak. The same analysis was performed for the remainder subjects of 
the Aberdeen outbreak who did not become chronic carriers. They found that carri-
ers had a GBC SMR of 167.0 (95% CI 54.1-389), while among the TF cases who 
did not become carriers, there was no case of GBC. They estimated a lifetime risk of 
gallbladder cancer of at least 6% for carriers. In 1995, Caygill et al. reanalyzed this 
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data and presented the latency from date of infection to date of death for 20 GBC 
cases: less than 10 years in 8 cases (40%), 10–20 years in 4 cases (20%), 20–30 years 
in 3 cases (15%), and more than 30 years in 5 cases (25%). In the follow-up of the 
Aberdeen cohort, the cumulative incidence of cholecystectomy was 19% among 
those who became  S. typhi  carriers and 2% among those who cleared the  S. typhi  
infection, with a relative risk of 6.1 (95% CI 2.6–14.0). In their cohort, Caygill et al. 
estimated a 200-fold risk of developing hepatobiliary carcinoma among carriers of 
 S. typhi  in comparison with those who cleared the infection, whereas carriers of GS 
only increased their risk 2–15 times (Caygill and Hill  2000  ) .  

      Case-Control Studies 

 In 2000, Shukla et al. conducted a case-control study of GBC using as controls 
subjects with gallstone disease and subjects with non-hepatobiliary diseases, mea-
suring Vi antibodies by indirect hemagglutination. They reported an 8 (95% CI 
2–37) times higher prevalence of Vi antibodies in the GBC cases (29.4%) than the 
non biliary tract disease cases (5%) and three times higher prevalence than the gall-
stones cases (10.7%). Most interestingly, 40–45% of subjects on either group pre-
sented antibodies (somatic O and fl agellar H) against other antigens of  S. typhi  not 
associated with chronic carriage (Shukla et al.  2000  ) , suggesting this is a population 
highly exposed to  S. typhi . 

 In Egypt, el-Zayadi et al.  (  1991  )  found a signifi cantly higher rate of carriage of 
 S. typhi in  stool cultures among cases of bile duct carcinoma (39.1%) and cases of 
icteric gallstone (34.0%) than in healthy controls (2.0%) (OR 19.5 and 17.0 respec-
tively). Based on Vi antibodies measured by Indirect Hemagglutination assay, Nath 
et al.  (  2008  )  reported a signifi cantly higher risk of GBC among chronic carriers of 
 S. typhi  (OR 6.1) compared with the healthy controls.  

      Ecological Studies 

 Chile represents a unique situation with regards to GBC and TF epidemiology. As 
already mentioned, Levine estimated a prevalence of  S. typhi  chronic carriers of 6.9 per 
1,000 inhabitants for 1980 (Levine et al.  1982,   1984  ) . In 1990, TF experimented a 
dramatic reduction in incidence (rates/100,000 dropped from 100 to 10), thus practi-
cally stopping the input of new carriers into the community. Nevertheless, most carriers 
that accumulated during the hyperendemic period 1976–1986 were under 40 years old, 
i.e. they are today in their sixties, the age at which most cases of GBC present. Thus, it 
is probable that a large part of the excess of GBC cases occurring today in Chile is 
coming from that reservoir. In that same period (1970–1990), occurred an important 
fall in gallbladder surgery and some authors demonstrated an inverse association 
between the rate of gallbladder surgery and GBC mortality (Serra et al.  1990 ; Chianale 
et al.  1990  ) . The result was that Chilean men and women began leading GBC incidence 
and mortality worldwide; GBC became the fi rst cancer killer of women to date. 
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 The association of TF with GBC risk was suggested in an ecological analysis of 
GBC mortality among the 333 Chilean counties, between 1985 and 2002, with an 
OR of 3 for TF, after adjusting for most confounders –age-sex composition, poverty, 
Amerindian ancestry and access to gallbladder surgery- (Andia et al.  2008  ) .    

    5.3.5   Interventions to Decrease the Burden of GBC 

 Even if TF transmission were controlled immediately, as it happened in Chile in 
1990 (Laval and Ferreccio  2007  ) , a signifi cant volume of chronic carriers will still 
persist in the population, some of whom, if left untreated, may develop GBC as they 
age. Thus, surveillance, identifi cation and treatment of chronic carriers should be 
considered, especially among those with additional risk factors for GBC, such as 
obese women with gallbladder disease and  S. typhi  infection residing in high risk 
areas of GBC. 

 Primary prevention measures are related to preventing  S. typhi  infection (dis-
cussed above) and lithiasis formation. A diet rich in fat and poor in vegetables and 
fruits has been associated with higher risk of GS and GBC, thus educating in healthy 
lifestyles could be considered a primary prevention strategy. As secondary preven-
tion, we could mention gallbladder surgery for GS either symptomatic or silent. 
Although there is not agreement on this as a general recommendation, it should be 
considered in areas where the risk of GBC is high. In Chile, an inverse association of 
gallbladder surgery and GBC mortality has been demonstrated (Chianale et al.  1990 ; 
Serra et al.  1990  ) . If a person with GS is also a carrier of  S. typhi , anti-microbial treat-
ment for  S. typhi  eradication should be considered, since it has been demonstrated 
that at least 25% of subjects will carry  S. typhi  even after cholecystectomy.   

    5.4   Conclusions 

 In conclusion, GBC presents a marked geographical differential, with the coexis-
tence of extremely high risk areas where GBC is the fi rst cancer killer of women 
(Chile) and areas where it is a rare disease (most western developed countries). The 
differential may be explained by the distribution of GBC risk factors: propensity to 
develop GS due to genetic predisposition plus lifestyle factors that facilitate the 
formation of cholesterol GS, higher prevalence of chronic  S. typhi  infection of the 
gallbladder, and insuffi cient access to gallbladder surgery for GS. In the developed 
world, typhoid was controlled in the 50s, mainly by basic sanitation, before the 
epidemic of lifestyle factors that are associated with lithogenic bile: poor diet and 
sedentarism. Contrarily, in Chile and India there was a coexistence of a high typhoid 
endemic setting with an epidemic of lithogenic lifestyles, aggravated by insuffi cient 
access to preventive surgery. GBC is mainly affecting the poorer in each population, 
among whom, all the above mentioned factors are more prevalent. 
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 The main difference with regard to  S. typhi  in Chile and in India is that, while the 
fi rst country has controlled TF reaching incidence rates comparable to those of USA 
and Europe, India still has one of the highest TF incidence rates reported. Thus, it is 
expected that even without any specifi c intervention GBC will soon begin a down-
ward trend in Chile, and that in a few years India will take the top position in GBC 
deaths. 

 The evidence presented here may seem abundant but there are many more ques-
tions that need research. It is not known if  S. typhi  is viable in pre-cancerous or GBC 
lesions; nor if clearance of  S. typhi  could cause a regression of GB precancerous 
lesions. Thus it is not possible to predict the effect of  S. typhi  eradication. It is 
unknown if  S. typhi  interacts with other bacteria, diet, female hormones or bile 
composition. The very low rate of recovery of  S. typhi  in GBC subjects that present 
high Vi antibody levels has puzzled investigators. It is unclear if the bacteria are in 
a niche out of the gallbladder or if they are in non-cultivable form. 

 GBC is a highly lethal disease that in most cases is diagnosed at advanced stages; 
it is urgent to understand the biology of the disease to identify early biomarkers that 
could be incorporated into the medical practice in high risk areas. In comparison 
with other cancers which affect western countries (like lung or breast cancers), GBC 
can be considered a neglected disease. If it is proven that  S. typhi  has a causal role, 
GBC will become a preventable disease.      
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  Abstract   Ocular adnexal marginal zone lymphoma (OAMZL) presents as an indolent 
and generally limited-stage disease that involves conjunctiva, eyelid, lachrymal gland 
and sac, or orbit soft tissue; standard treatments are not well defi ned, and include 
“wait and watch” policy, radiotherapy or other topic approach, and also chemother-
apy. The development of OAMZL has been linked to  Chlamydophila psittaci (Cp)  
infection.  Chlamydiae  are obligate intracellular bacteria that grow in eukaryotic cells 
and cause a wide spectrum of diseases. They can establish persistent infections, are 
mitogenic  in vitro , promote cell proliferation  in vivo  and induce resistance to apopto-
sis in infected cells.  Cp  determines both local and systemic infections in these 
patients, and bacterial eradication with antibiotic therapy is often followed by lym-
phoma regression. Despite the recent advances in the understanding of this bacte-
rium–lymphoma association, several questions remain unanswered. Variations 
among different geographic areas and related diagnostic and therapeutic implications 
remain a major investigational issue. We focus on clinical features of OAMZL, stan-
dard treatments,  Cp -infection and its therapeutic implications in lymphomas.  

    A.  J.  M.   Ferreri      (*)
     Unit of Lymphoid Malignancies, Department of Onco-Hematology , 
 San Raffaele Scientifi c Institute ,   Via Olgettina 60 ,  20132   Milan ,  Italy  
 e-mail:  andres.ferreri@hsr.it   

     R.   Dolcetti  
     Department of Oncology ,  Cancer Bioimmunotherapy Unit, 
National Cancer Institute CRO ,   Aviano ,  Italy    

    S.   Govi                 
     Unit of Lymphoid Malignancies, Department of Onco-Hematology , 
 San Raffaele Scientifi c Institute ,   Via Olgettina 60 ,  20132   Milan ,  Italy      

    M.   Ponzoni  
     Unit of Lymphoid Malignancies, Department of Onco-Hematology , 
 San Raffaele Scientifi c Institute ,   Via Olgettina 60 ,  20132   Milan ,  Italy  

   Pathology Unit ,  San Raffaele Scientifi c Institute ,   Milan ,  Italy    

    Chapter 6   
 Ocular Adnexal Lymphoma of MALT-Type 
and Its Association with  Chlamydophila psittaci  
Infection       

       Andrés   J.  M.   Ferreri         ,    Riccardo   Dolcetti   ,    Silvia   Govi   , and    Maurilio   Ponzoni      



140 A.J.M. Ferreri    et al.

  Keywords    Chlamydophila psittaci   •  Ocular adnexal lymphoma  •  Marginal zone 
B-cell lymphoma  •  Chemotherapy  •  Radiotherapy  •   C. pneumoniae   •   C. trachomatis   
•  Elementary bodies  •  Reticulate-bodies  •  Environmental exposure  •  Doxycycline  

   Abbreviations 

   Cp      Chlamydophila psittaci    
   HCDR     Heavy chain complementarity-determining region   
   Hp      Helicobacter pylori    
   IGHV-DJ     Immunoglobulin heavy chain variable-diversity-joining regions    
  MALT    Mucosa-associated lymphoid tissue   
   OAMZL     Ocular adnexal marginal zone lymphoma   
  TETR-PCR    Touchdown enzyme time release polymerase chain reaction        

    6.1   Ocular Adnexal Lymphoma 

    6.1.1   Epidemiological Data 

 Non-Hodgkin lymphomas account for about a half of all orbital malignancies, 
although representing a relatively rare disease (Margo and Mulla  1998 ; Ferreri et al. 
 2009  ) . Extranodal lymphomas arising in the ocular adnexae have an incidence of 
5–15% and may involve the conjunctiva, lachrymal gland, orbital fat, eyelid, or 
lachrymal sac (Sasai et al.  2001  ) . The most frequent lymphoma histotypes in these 
anatomical structures are marginal zone B-cell lymphomas of mucosa-associated 
lymphoid tissue (MALT)-type (OAMZL), which are indolent tumours, usually 
presenting as stage I-II disease; followed by follicular lymphomas (15–20%) and 
diffuse large B-cell lymphomas (7–15%). Mantle-cell (5%) and small lymphocytic 
(3%) lymphomas rarely originate in the ocular adnexae, but generally involve these 
structures as part of a disseminated disease (Ferry et al.  2007 ; Coupland et al.  1998 ; 
Sjo  2009  ) . OAMZL constitutes 50–78% of all OAL diagnosed in western countries 
and 80–90% of OAL diagnosed in Japan and Korea (Mannami et al.  2001  ) ; impor-
tantly, its incidence is rapidly increasing, with annual rates higher than 6%, and no 
evidence of peaking (Moslehi et al.  2006  ) . These epidemiologic features seem not 
correlated to changes in lymphoma classifi cation schemes or improvements in diag-
nostic procedures and technology (Moslehi et al.  2006  ) . 

 The pathogenesis of OAMZL is still unclear and requires identifi cation of envi-
ronmental and genetic risk factors in aetiologic mechanisms, as well as the potential 
role of infectious agents (Moslehi et al.  2006  ) . Recently, an association between 
Chlamydial infection and OAMZL was reported (Ferreri et al.  2004  )  as a new patho-
genic insight for the development of innovative targeted therapies. The characteriza-
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tion of genetic alterations may be useful to predict therapeutic response and to 
identify the candidates for different treatments.  

    6.1.2   Pathological Features 

 Whether MALT is present in normal conjunctiva is still a matter of debate. The orbital 
tissues lack both lymphoid tissue and lymphatic drainage; it was assumed that OAMZL 
may derive from MALT tissue acquired after chronic infl ammatory stimulus or auto-
immune disorders (Hara et al.  2001  ) . In analogy with the fi nding that  Helicobacter 
pylori  ( Hp ) infection constitutes a chronic antigenic stimulus that would drive the 
development of gastric MALT lymphoma, a similar pathogenic model of antigen-
driven lymphoproliferation may be hypothesized also for OAMZL. 

 The previously defi ned ‘pseudolymphomas’ or ‘benign lymphoid hyperplasia’ 
may actually be classifi ed as B-cell lymphomas, containing clonal B cell expansions 
(Neri et al.  1987  ) . In several studies, different cases were diagnosed as ‘lymphoma 
not further specifi ed’, because of the scant diagnostic sample; the majority of these 
entities, however, entered the ‘low-grade lymphoma’ category. 

 OAMZL displays the classical histopathologic and immunophenotypic profi le 
of most MALT lymphomas. The histopathology of MALT lymphomas includes 
both neoplastic and non-neoplastic cells. Lymphoma cells are heterogeneous, with 
centrocytic-like cells, monocytoid cells or small-sized lymphocytes co-expressed in 
the same tissue. A plasma cell differentiation may be observed. Lymphoepithelial 
lesions are delineated from tumour cells infi ltration through glandular and superfi -
cial epithelium. Follicular colonization is observed when neoplastic lymphocytes 
grow within germinal centers, and a few large cells (blasts) are encountered through-
out the section. Non-neoplastic cells, including reactive germinal centers, reactive T 
cells and histiocytes are also present. 

 MALT lymphoma immunophenotype comprises CD20+, CD79a+, generally 
IgM + with light chain restriction, PAX5+, bcl-2+, TCL1+, CD11c+/−, CD43+/−, 
CD21+/−, CD35+/−, and IgD-, CD3-, CD5-, CD10-, CD23-, cyclinD1-, bcl-6-, 
MUM1- cells.  

    6.1.3   Molecular Features and Cytogenetics 

 PCR analysis of immunoglobulin heavy chain gene rearrangement showed a clonal 
B cell population in 55% of OAMZL (Mannami et al.  2001  )  and somatic hypermu-
tations in two thirds of these cases (Coupland et al.  1999  ) . The V 

H
 3 family is 

expressed in half, V 
H
 4 in 23% of cases (Coupland et al.  1999  ) . OAMZL result from 

clonal expansion of post-germinal-center memory B-cells, where, in two thirds of 
cases, antigen selection may have occurred (Coupland et al.  1999  ) . Ongoing muta-



142 A.J.M. Ferreri    et al.

tions have been described, especially if follicular dendritic cells are present, 
supporting a potential role of microenvironmental stimuli (Hara et al.  2001  ) . 

 Chromosomal translocations are t(11;18)(q21;q21)/API2-MALT1, observed in 
0–10% of OAMZL (Remstein et al.  2002 ; Tanimoto et al.  2006a ; Murga Penas et al. 
 2003 ; Streubel et al.  2003  )  and t(14;18)(q32;q21)/IGH-MALT1, noticed in 7–11% 
(Tanimoto et al.  2006a  ) . These translocations lead to the activation of NF-kB, 
a critical promotor of lymphocyte proliferation and survival (Isaacson and Du  2004  ) . 
Several new translocations involving the IGH promoter have been described in 
ocular adnexal MALT lymphoma, in a recent study of 29 largely extra-gastric 
MALT lymphomas in which 21 (72%) had balanced translocations (Vinatzer et al. 
 2008  ) . Ten distinct translocations were identifi ed in lymphomas from nine different 
sites. The commonest translocation was the t(14;18) (IgH;MALT1), but nine other 
translocations were identifi ed (FOXP1 on chromosome 3, BCL-6 on chromosome 
3, JMJD2C on 9, CCN3 on 1, ODZ2 on 5, and 4 with unknown translocation part-
ners). The cases of ocular adnexal MALT lymphoma showed the new translocations 
of IgH/ODZ2, IgH-JMJD2C and 2 with unknown partners (Vinatzer et al.  2008  ) . 
Among 116 OAMZL newly diagnosed patients from Denmark, the presence of 
translocations involving IGH and/or MALT1 -gene loci was detected in 2 (5%) of 
42 investigated specimens (Sjo et al.  2009  ) . 

 Cytogenetic data on OAMZL are limited and seem to present geographic 
variability in their incidence (Ruiz et al.  2007 ; Streubel et al.  2004  ) . Aneuploidy, 
particularly trisomy 3 and 18, occurs frequently in t(11;18)-negative OAMZL 
(Remstein et al.  2002 ; Tanimoto et al.  2006a ; Murga Penas et al.  2003 ; Streubel 
et al.  2003 ; Ott et al.  1997  ) . Trisomy 3, trisomy 18 and t(14;18)(q32;q21) deserve to 
be further investigated as possible predictors of multifocal disease (Raderer et al. 
 2006  ) . OAMZL with trisomy 18 seems to show defi nite clinical features: it involves 
the conjunctiva, occurs in young females, and presents a high recurrence rate 
(Tanimoto et al.  2006a  ) .  

    6.1.4   Clinical Aspects 

    6.1.4.1   Presentation 

 OAMZL can infi ltrate every orbital and ocular adnexal tissue. Conjunctival involve-
ment is observed in 25% of OAMZL; intra-orbital masses are described in 75% of 
cases; bilateral involvement is present in 10–15% of patients, generally in conjuncti-
val forms (Bhatia et al.  2002 ; Martinet et al.  2003 ; Uno et al.  2003 ; Rosado et al.  2005 ; 
Fung et al.  2003  ) . Surgical biopsy is mandatory for histopathological characterization 
considering that treatment and prognosis remarkably vary among different lymphoma 
categories; clinical and radiological features do not distinguish between benign hyper-
plasia and lymphomas or between indolent and aggressive lymphomas. 

 Median age at presentation is 65 years, with the disease generally arising after 
the fourth decade of life. Females are predominantly affected with a higher preva-
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lence (Bhatia et al.  2002 ; Martinet et al.  2003 ; Uno et al.  2003 ; Rosado et al.  2005 ; 
Fung et al.  2003  ) . The period between clinical onset and diagnosis is variable, with 
a median of 6–7 months and a range of 1–135 months. 

 Typical lymphoproliferative lesion usually consists of a gradually enlarging, pain-
less mass, that displaces the normal structures, with minimal or absent pain and 
infl ammation. Conjunctival lymphoma is characterized by a classic “salmon pink 
patch” appearance with swollen conjunctiva. Intra-orbital lymphoma is associated to 
exophthalmos (27%), palpable mass (19%), eyelid ptosis (6%), diplopia (2%), eyelid 
nodule, orbital edema, epiphora, dacryocystitis, gritty sensation, and/or variable ocu-
lar motility impairment (Bhatia et al.  2002 ; Martinet et al.  2003 ; Uno et al.  2003 ; 
Rosado et al.  2005 ; Fung et al.  2003 ; Coupland et al.  1998 ; Knowles et al.  1990 ; 
Shields et al.  2001 ; White et al.  1995 ; Sullivan et al.  2004 ; McKelvie et al.  2001  ) . 

 Tearing is the common feature of lymphoma of the lachrymal sac. Rare presenta-
tions include signs of expansive effect of the lesion, causing limitations to excursion 
of the eye; visual acuity and fi eld defects or choroidal folds are observed only in rare 
cases of rapidly growing tumour (Sarraf et al.  2005  ) .  

    6.1.4.2   Staging Procedures 

 OAMZL at presentation is a limited-stage disease in over 75% of cases (Ann Arbor 
stage I 

E
 ). Regional lymphadenopathies are detected in <5% of cases (stage II 

E
 ), and 

extra-orbital disease, generally in extranodal organs, is observed in 10–15% of cases 
(stage IV 

E
 ); it is exceptional in conjunctival lymphomas (Ferreri et al.  2004 ; Martinet 

et al.  2003 ; Uno et al.  2003 ; Rosado et al.  2005 ; Fung et al.  2003  ) . The use of exten-
sive and invasive staging showed that 38% of OAMZL patients have at least one 
extraorbital site of disease at diagnosis (Raderer et al.  2006  ) . No difference in cause-
specifi c survival between subgroups has been reported (Fung et al.  2003  ) , so the use-
fulness of extended staging is controversial. However, it remains essential to defi ne 
therapeutic approach. Gastroscopy and colonoscopy are not mandatory, but they are 
reserved to patients with specifi c gastrointestinal symptoms (Raderer et al.  2006  ) . 

 Neuroimaging techniques are important for staging and defi nition of clinical 
responses. At neuroimaging examination, OAMZL presents generally as well-defi ned 
lesion, surrounding and displacing extra-ocular muscles, without ocular infi ltration. On 
computed tomography images, OAMZL contrast enhancement is homogeneous, com-
parable to lachrymal glands and extra-ocular muscles. Magnetic Resonance Imaging 
(MRI) is useful to differentiate lymphoma from other orbital expansive lesions.  

    6.1.4.3   Clinical History and Prognosis 

 OAZML presents a better prognosis than other lymphoma histotypes arising in the 
ocular adnexae (Fung et al.  2003  ) . Good prognostic factors are limited disease, 
ECOG-performance status 0–2, absence of systemic symptoms (Rosado et al.  2005 ; 
Tanimoto et al.  2006b  ) , while nodal involvement, systemic symptoms, increased 
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lactate dehydrogenase serum levels, and non-conjunctival sites are negative predic-
tors of outcome (Rosado et al.  2005 ; Martinet et al.  2003  ) . Some cases of spontane-
ous remission in OAMZL patients have been reported, mostly in Japanese patients 
with conjunctival localization (Matsuo and Yoshino  2004  ) . However, some of these 
patients have been equally treated with topical steroids or antibiotics, contributing 
to tumour regression. Presenting symptoms sometimes require prompt treatment. 
Local overall responses are different according to applied therapy, with a 5-year 
relapse-free survival of ~65%. Multiple relapses are frequently observed, both at 
contralateral orbit and distant extranodal organs. Five-year cause-specifi c and overall 
survival of 100% and >90%, respectively (Fung et al.  2003 ; Uno et al.  2003  ) . High-
grade transformation has been reported in 1–3% of cases (Tanimoto et al.  2006b ; 
Ben Simon et al.  2006  ) .   

    6.1.5   Treatment 

 If adequately treated, less than 5% of patients with OAMZL die of lymphoma 
(Ferreri et al.  2008a ; Uno et al.  2003 ; Martinet et al.  2003  ) . Defi ned guidelines for 
OAMZL treatment do not exist, because therapeutic knowledge results from a 
limited number of small, retrospective and variably treated series, which included 
different lymphoma histotypes (de Cremoux et al.  2006  ) . There is a lack of consen-
sus about the best upfront treatment. The optimal treatment should ideally not be 
negatively related to side effects. The range of therapeutic options is heterogeneous, 
from ‘watch and wait policy’, to systemic chemotherapy. Most patients are usually 
treated as fi rst-line approach with radiotherapy, with well known late-term 
toxicities. 

    6.1.5.1   Surgery 

 Surgery is an essential diagnostic tool and, in selected cases, a part of therapeutic 
approach. Complete excision can be performed in conjunctival and lachrymal 
gland MALT lymphomas but does not infl uence survival (Tanimoto et al.  2006a  ) . 
“Wait and watch” strategy in patients with stage I-disease produces similar 
results to immediate radiotherapy, with a 10-year overall survival of 94% 
(Tanimoto et al.  2006a  ) .  

    6.1.5.2   Radiotherapy 

 Radiotherapy is the most studied treatment for OAMZL. However, only a few series 
have been focused on OAMZL treated exclusively with radiotherapy (Uno et al. 
 2003 ; Fung et al.  2003 ; Ejima et al.  2006  ) . Target dose of 25–30 Gy in 10–15 
 fractions (minimal target dose >25 Gy) is indicated (Tsang et al.  2003  ) . Electron 
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beams (4–12 MeV) and 4–9 MV photon beams are used in conjunctival and intra-
orbital lymphomas. Radiotherapy is usually well tolerated (Uno et al.  2003 ; Ejima 
et al.  2006  ) . The most common toxicities of grade  ³  2 are cataract (38% of cases), 
retinal disorders (17%), xerophthalmia (17%), and glaucoma (2%) (Ejima et al. 
 2006  ) . Toxicity is more common with doses >36 Gy. After radiation, patients with 
stage-I OAMZL achieve a slow and gradual response (Uno et al.  2003 ; Ejima et al. 
 2006  ) . In-fi eld relapses are rare, generally in cases receiving low radiation doses 
(Tsang et al.  2003  ) . Relapses involve especially the contralateral orbit (half of 
relapses) but also distant extranodal organs (Ejima et al.  2006 ; Tsang et al.  2003 ; 
Fung et al.  2003  ) .  

    6.1.5.3   Chemotherapy and Immunotherapy 

 Prospective trials addressing chemotherapy have not been conducted in OAMZL; 
in retrospective series, the largest experience regards chlorambucil, with a 100% 
overall response rate, a 79% complete remission rate and a 5-year relapse-free survival 
of 60% (Ben Simon et al.  2006  ) . Relapses after chlorambucil mostly involve extra-
orbital tissues, with rare cases (3%) of high-grade transformation (Ben Simon et al. 
 2006  ) . The effi cacy of other drugs is limited to a few prospective trials on unse-
lected MALT lymphomas including a small number of OAMZL patients. The use of 
anthracycline-based chemotherapy is actually the most common treatment. 
Rituximab, a chimeric monoclonal antibody directed against the B-lymphocyte 
antigen CD20 widely used in the treatment of B-cell lymphomas, has displayed 
activity in MALT lymphomas, and it has been also anecdotally used in patients with 
OAMZL (Conconi et al.  2003 ; Nuckel et al.  2004 ; Ferreri et al.  2005a  ) . When used 
by intravenous route at conventional dose, rituximab is associated with very high 
response rate but response duration is usually short-lived (Nuckel et al.  2004 ; Ferreri 
et al.  2005a ; Blasi et al.  2001  ) .  90 Y-ibritumomab tiuxetan (Zevalin ® ), a radioimmu-
noconjugate employed in relapsed or refractory follicular lymphomas, was assessed 
in a small phase II trial as front-line therapy in 12 patients with stage I 

E
  indolent 

lymphoma of the ocular adnexae (9 with OAMZL) (Esmaeli et al.  2009  ) . A com-
plete remission rate of 83% was achieved without grade 3 or 4 cytopenias, but 
median follow-up is still too short (Esmaeli et al.  2009  ) .  

    6.1.5.4   Intralesional and Topic Treatment 

 Anecdotal cases of conjunctival lymphoma treated with topical cytostatics have 
been reported, in particular mitomycin instillation, which is used frequently in epi-
thelial and melanocytic tumours of the conjunctiva (Poothullil and Colby  2006  ) , 
was successfully administered in a single reported case of conjunctival lymphoma 
(Yu et al.  2008  ) . However, the risk of severe effects on the corneal epithelium 
requires further investigation (Schallenberg et al.  2008 ; Ballalai et al.  2009  ) . 
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 Intra-lesional drug delivery is a new, investigational approach to OAMZL. 
Therapy with interferon- a  injection is a simple procedure successfully used for 
conjunctival lymphomas (Lachapelle et al.  2000 ; Blasi et al.  2001  ) . Side effects 
consist of local hemorrhage, chemosis and minor systemic effects (Lachapelle et al. 
 2000 ; Blasi et al.  2001  ) . However, follow-up of reported cases is insuffi cient to 
establish the effi cacy of this approach. Moreover, after an initial interest about this 
therapeutic modality, additional series treated with this strategy were not reported in 
the last decade. Recently, we reported a pilot experience with intralesional ritux-
imab in three patients with recurrent conjunctival lymphoma. This approach was 
well tolerated and was invariably associated with tumour regression. This strategy 
led to tumour remission even in patients refractory to intravenous rituximab. The 
limited activity of intravenous rituximab in OAMZL may be the result of the reduced 
bioavailability of the drug and also its immunologic effectors. The intralesional 
delivery of rituximab seems to be a valid method to overcome these limitations. 
Treatment was feasible and well tolerated even in hepatitis B and C virus-positive 
patient who underwent liver transplantation. Supplementation with autologous 
serum, introduced in the patient with follicular lymphoma, improved the cytotoxic 
activity of intralesional rituximab, probably by increasing the local concentration of 
proteins C3 and C4. Response duration and potential late effects remain to be 
defi ned (Ferreri et al.  2011  ) .    

    6.2   Chlamydiae 

    6.2.1   Structure and Biology 

  Chlamydiae  are ubiquitous, obligate intracellular bacteria growing in eukaryotic 
cells and are responsible for a wide spectrum of human and animal diseases. 
Chlamydial infection is initiated by a dynamic process of attachment of a Chlamydial 
elementary body (CEB) to the host cell, followed by its entry into the cell. The 
attachment and internalization mechanism of CEB is a poorly understood process. 
Within eukaryotic cells,  Chlamydia  undergoes an orderly alternation between a 
metabolically inactive, highly infective form, the CEB, and a metabolically active, 
intracellular growth stage form, the Chlamydial reticulate body (CRB) (Byrne and 
Ojcius  2004  ) . CEB are round (or pear-shaped in the case of  Chlamydophila pneu-
moniae ), electron-dense structures approximately 0.3  m m in diameter that are meta-
bolically inert outside the host cell. CRB have a diameter ~1  m m, with diffuse and 
fi brillar nucleic acids and a ribosome-rich cytoplasm. 

 Intracellular replication of  Chlamydia  occurs within a membrane-bound vesicle 
or inclusion.  Chlamydiae  communicate with host cells by secreting effector proteins 
into the host-cell cytoplasm, probably via type III secretion apparatus. Infected cells 
receive either pro-apoptotic or anti-apoptotic signals according to the growth rate of 
the Chlamydial pathogen.  Chlamydiae  induced cell apoptosis may be associated 
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with the manifestations of acute disease, whereas inhibition of apoptosis is 
characteristic of the chronic disease phase. In particular, conditions (for example, 
interferon- g -mediated activation of host cells), CRBs cease to divide, do not dif-
ferentiate to CEBs and maintain a more stable association with the infected host cell 
in the form of persistent bodies, which may be important in the pathogenesis of 
chronic Chlamydial infections.  

    6.2.2   Chlamydial Infection and Tumours 

 The potential oncogenic role of  Chlamydiae  was suggested based on the ability of 
this pathogen to establish persistent infection, be mitogenic  in vitro , induce poly-
clonal cell proliferation  in vivo  and cause resistance to apoptosis in infected cells 
(Rasanen et al.  1986 ; Lehtinen et al.  1986 ; Rajalingam et al.  2001  ) . Infections by 
 Chlamydia trachomatis  and  C. pneumoniae , two members of the  Chlamydiaceae  
family, are associated with sporadic cases of cervical carcinoma, lung cancer, cuta-
neous T-cell lymphoma.  Chlamydophila psittaci (Cp)  has a potential pathogenic 
role in development of OAMZL (Smith et al.  2002 ; Laurila et al.  1997 ; Ferreri 
et al.  2004  ) . In fact, the DNA of  Cp  has been detected in 80% of OAMZL patients 
and immunohistochemistry data identifi ed cells of the monocyte/macrophage 
system as likely carriers of the infection (Ferreri et al.  2004  )  (see paragraph “World-
wide variability of prevalence of  Cp  infection”). The presence of  Cp ,  C. pneumoniae  
and  C. trachomatis  in OAMZL was tested in 13 Austrian patients. Gastrointestinal 
MALT lymphomas and gastritis specimens served as controls. Of 13 OAMZL, 
seven resulted positive for  Cp  DNA. Only one of 17 gastrointestinal specimens 
tested was positive. All specimens were negative for  C. trachomatis  and  C. pneu-
moniae  (Aigelsreiter et al.  2008  ) . In a screening study, we analyzed the presence of 
 Cp  infection in both nodal and extranodal lymphomas. We reported that 74% of 
examined OALs were associated with  Cp  infection. Immunohistochemistry and 
TETR-PCR showed a signifi cantly concordance rate of 70%.  Cp  DNA was equally 
prevalent in non-OAL, nodal, and extranodal lymphomas: in particular, it was 
more common in diffuse large B-cell lymphomas of the skin and Waldeyer’s ring 
(Ponzoni et al.  2008  ) . 

 Recently, we investigated the presence of DNA of  Cp, C. pneumoniae  and 
 C. trachomatis  on diagnostic tissue samples from cutaneous biopsies of 108 cases 
of primary cutaneous lymphomas by using three different PCR targeting 16S-23S 
region, outer membrane protein A and heat shock protein 60.  Cp  prevalence in cuta-
neous lymphomas of diffuse large B-cell lymphoma, MZL, and mycosis fungoides 
categories was similar to those detected in normal skin samples (controls), while the 
trend to a high prevalence of  Cp  infection in follicular lymphomas did not reach 
signifi cant levels. An association between  C. pneumoniae  and mycosis fungoides 
was not detected in this series. There is not a support to a pathogenic role of 
 Chlamydiae  in cutaneous lymphomas (Ferreri et al.  2011  Epub ahead of print).  
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    6.2.3   Epidemiology of  Chlamydiae  

  Chlamydiae  are responsible for several human and animal diseases.  Cp  is the etiological 
agent of avian chlamydiosis and psittacosis-ornithosis in humans, a zoonotic disease 
caused by the exposure to infected animals, mostly birds, but also domestic mam-
mals and pets. The high prevalence of Chlamydial infections in household cats 
(Sykes  2005  )  suggests that human  Cp  infections originating from pets other than 
birds may be under-diagnosed. 

  Cp  has been detected in 467 species of birds (Kaleta and Taday  2003  ) , and in 
several mammals worldwide (Longbottom and Coulter  2003  ) . All  Cp  genotypes 
identifi ed so far, can be transmitted to humans (Heddema et al.  2006  ) . Differently 
to the worldwide distribution of  C. pneumoniae , with a seroprevalence from 40% 
to 80% in some geographic areas,  Cp  infection is rare in European individuals: 
IgG-seropositive rate is only 3% in elderly persons (Koivisto et al.  1999  ) ; higher 
rates have been detected in professionally exposed individuals or people living 
with infected animals or in rural areas (Bergström et al.  1996  ) . However, serologi-
cal tests for  Cp  detection have low specifi city due to cross-reactivity with other 
bacteria, like  C. pneumoniae  (Mahmoud et al.  1994 ; Ni et al.  1996  ) . More reliable 
results may be obtained by PCR analysis of peripheral blood samples. Blood 
donors used as control groups have been assessed by PCR and  in vitro  culture tech-
niques, with a  Cp  detection rates of 0–5% (Ferreri et al.  2004,   2008b ; Ponzoni 
et al.  2008  ) . These results confi rm that the prevalence of  Cp  infection in the general 
population is low.   

    6.3    C. psittaci  Infection in OAMZL Patients 

    6.3.1   OAMZL Pathogenesis 

 As stated above, OAMZL usually arises from acquired MALT as a response to 
chronic infl ammatory or autoimmune disorders. The detection of ongoing immu-
noglobulin gene mutations in OAMZL is consistent with a chronic antigen-driven 
stimulation. V 

H
  genes are frequently rearranged in autoantibody production and are 

often over-expressed in B-cell malignancies, consistently with the occurrence of 
an antigen selection process during OAMZL development (Pascual and Capra 
 1992 ; Coupland et al.  1999 ; Hara et al.  2001 ; Adam et al.  2008  ) . The VH3 family 
is the most common germline VH family used in OAMZL (54% of cases), fol-
lowed by VH4 (27%) (Coupland et al.  1999  ) . In the largest reported series 
(Coupland et al.  1999  ) , one third of OAMZL expressed VH genes frequently asso-
ciated with autoantibodies, DP-8, DP-10, DP-53, DP-63, and DP-49, which have 
also been detected in Alzheimer’s disease, rheumatoid arthritis, idiopathic cold 
agglutinin disease, and systemic lupus erythematosus (Fang et al.  1995 ; Isenberg 
et al.  1993  ) . These features are consistent with the possible role of epitopes from 
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self-antigens in triggering lymphoma cell proliferation, at least in a subset of 
OAMZL cases. Comparison of heavy chain complementarity-determining region 3 
(HCDR3) sequences derived from OAMZL with those of more than 8,000 unique 
immunoglobulin heavy chain variable-diversity-joining regions (IGHV- D -J) rear-
rangements from neoplastic and non-neoplastic B cells, including auto-reactive 
clones, revealed that 10% of immunoglobulin genes expressed in OAMZL display 
high homology with auto-reactive antibodies detectable in rheumatoid arthritis, 
Sjögren’s syndrome and autoimmune thyroiditis. Analysis of the immunoglobulin 
gene repertoire suggests that OAMZL may originate from B cells selected for their 
capability to recognize auto-antigens, which is similar to what is reported for gas-
tric MALT (Adam et al.  2008  ) . Auto-antigen stimulation, as a result of the infl am-
matory process promoted by Chlamydial infection, may be the driving force of 
OAMZL pathogenesis, rather than the direct bacterial stimulation of B cells. 
 Chlamydiae  are linked to chronic infections of the conjunctiva with follicular or 
“inclusion” conjunctivitis features, which seem to be more common than previ-
ously recognized. In OAML patients,  Cp  establishes a systemic infection, as 
demonstrated by the detection of the DNA of the bacterium in peripheral blood 
mononuclear cells of 43% of the patients carrying a  Cp -positive lymphoma (Ferreri 
et al.  2004  ) . Such a systemic infection persists over time in a high proportion of 
cases, even more than 5 years, further supporting the possible involvement of  Cp  
in sustaining lymphoma cell growth (Ferreri et al.  2004  ) . Microbial persistence is 
favoured by molecular mimicry, a phenomenon by which antigens derived from 
micro-organisms are able to induce immune reactions cross-reacting with host self 
antigens (Oldstone  1998  ) . In fact, the expression of antigenic motifs shared with 
the host allows the long-lasting persistence of microbial pathogens since the 
immune system is usually tolerant towards auto-antigens. Similar to  H. pylori , a 
pathogenic model consisting of chronic antigenic stimulus that drives lymphoma 
genesis along a continuum pathway may be also hypothesized for  Cp -associated 
OAMZL.  Chlamydiae  may also provide antigens, like heat shock proteins (Lamb 
et al.  2003  ) , which may act as “molecular mimickers” and trigger autoimmune 
reactivity. Heat shock proteins produced by  Chlamydiae  may trigger both humoral 
and cell mediated immune responses that at least partially cross-react against the 
human protein counterpart (and other related self antigens) (Pockley  2003 ; Ausiello 
et al.  2005 ; Bachmaier and Penninger  2005  ) . This phenomenon may contribute to 
break local tolerance, leading to a chronic stimulation by antigens that cannot be 
successfully eliminated by the host and that may ultimately favor the onset of 
OAML (Ishii et al.  2001 ; Yamasaki et al.  2004  ) . 

 The existence of mechanisms regulating lymphocytic homing to the ocular 
adnexae could offer a possible explanation to the fact that OAMZL is usually a 
localized disease, followed by local relapses and systemic dissemination only in a 
few cases, and in a late phase of disease. Available data, however, are preliminary 
and limited to the absence of  a 4 b 7 integrin expression, which is a regulator of lym-
phocyte traffi cking, and its ligand MAdCAM (Liu et al.  2001  ) , and to the expression 
of the chemoattractant cytokine CXCL13 on neoplastic lymphocytes (Falkenhagen 
et al.  2005  ) .  
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    6.3.2   Prevalence of  Cp  Infection in OAMZL 

 Based on the hypothesis that OAMZL could be an antigen-driven lymphoprolifera-
tive disorder, we have investigated the possible pathogenic role of some infectious 
agents ( Cp ,  H. pylori , hepatitis C virus) in these lymphomas. We have demonstrated 
that 80% of patients with OAMZL carried  Cp  DNA in the lymphomatous tissue 
(Ferreri et al.  2004  ) ; similar results were observed in a retrospective cohort study 
(Ponzoni et al.  2008  )  and a prospective case–control study (Ferreri et al.  2008b  )  in 
patients with OAMZL, both reporting  Cp  detection rates of 75% in tumour tissues. 
Other members of the  Chlamydiaceae  family such as  C. pneumoniae  or  C. tracho-
matis  were rarely detected in OAMZL. In our experience, patients with OAMZL 
commonly live in rural areas, and often report a history of chronic conjunctivitis and 
prolonged contact with household animals (Ferreri et al.  2008c  ) . All these features 
strongly suggest an increased risk of  Cp  exposure. 

  Cp  DNA and proteins in irregularly scattered monocytes and macrophages infi l-
trating OAMZL tissues has been demonstrated with different detection methods 
(Ponzoni et al.  2008  ) . Anti-chlamydial lipopolysaccharide immunoreactivity is usu-
ally visualized as cytoplasmic granules by immunohistochemical techniques 
(Fig.  6.1 ). Monocytes and macrophages have been isolated by laser capture micro-
dissection and identifi ed as the  Cp  reservoir in lymphomatous tissue (Ponzoni et al. 
 2008  ) . Electron microscopy confi rmed the presence of clusters of intact CEB in the 
cytoplasm of monocytes and macrophages within OAMZL specimens (Fig.  6.2 ). Cp 
is vital and infective both in conjunctival tissue and PBMC (see “ In vitro  growth”).   

  Fig. 6.1    Monoclonal antibody directed against Chlamydial lipopolysaccharide (LPS) showing 
granular immunoreactivity within the cytoplasm of a macrophage-like cell in a case of OAMZL       
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  Cp  DNA has been detected in peripheral blood mononuclear cells (PBMC) of 
41% of patients with OAMZL (Ferreri et al.  2004  ) , indicating the presence of 
asymptomatic systemic  Cp  infection at the time of lymphoma diagnosis. Chronic 
persistence of  Cp  in PBMC could favor lymphoma dissemination and recurrence 
(Ferreri et al.  2004,   2008b,   c  ) . In fact,  Cp  infection in PBMC has been detected in 
62% of patients with disseminated OAMZL and in 11% of patients with stage-I 
disease (Ferreri et al.  2005b  ) . Although a role for  Cp  in lymphoma recurrence can 
be hypothesized, mechanisms explaining the persistence of OAMZL at the primary 
site for years and the involvement of contralateral ocular adnexae at the time of 
relapse remain to be investigated.  Cp  detection in PBMC is a useful tool for moni-
toring bacterial eradication, persistence or re-infection in patients with OAMZL 
who were treated with antibiotics (Ferreri et al.  2005b,   2006a  ) .  

    6.3.3   World-Wide Variability of Prevalence 
of  Cp  Infection in OAMZL Patients 

 A great variability in  Cp  prevalence among countries and among different regions 
within the same country has been reported (Table  6.1 ). The prevalence of  Cp  infec-
tion in published series of OAMZL ranges from 0% to 87%. The infection was 
detected in 14% of ocular adnexal lymphomas of other histotype and in 8% of orbit 

  Fig. 6.2    Direct visualization of  Cp  in a macrophage by transmission electron microscopy in a case 
of OAMZL. Intact Chlamydial elementary bodies (EB), with electron dense ‘black’ core of nucleic 
acid condensed onto Chlamydial histone protein, and Chlamydial reticulate bodies (RB) are visi-
ble in the cytoplasm. Kindly provided by Luciano Sacchi; Department of Animal Biology, 
University of Pavia, Pavia, Italy       
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biopsies for non-neoplastic disorders (Decaudin et al.  2008  ) . The highest prevalence 
rates have been reported in Italy, Korea, Austria, and Germany.  

  Cp  prevalence was tested in 33 Korean patients with OAMZL and compared to 
21 non neoplastic ocular lesions. DNA was extracted from paraffi n-embedded 
tissues, and touchdown enzyme time release polymerase chain reaction (TETR-
PCR) was performed to identify three  Chlamydia  species.  Cp  DNA was detected in 
26/33 (79%) OAL samples compared with 5/21 (23%) non-neoplastic samples 
(P < 0.001), suggesting that  Cp  plays a role as a causative antigen in Korean OAL 
patients. With a median follow-up of 38.5 months (range: 1–105 months), the 5-year 
progression-free survival and overall survival rates of OAL patients were 72% and 
93%, respectively. Clinicopathologic characteristics, recurrence rate and outcome 
were not associated with  Cp  infection (Yoo et al.  2007  ) . 

 Seven of 13 OAMZL in Austrian patients resulted  Cp  positive, with a prevalence 
of 54% (Aigelsreiter et al.  2008  ) . Recently, these authors analyzed the presence of 
 Chlamydiae  infections in 47 non-gastrointestinal and 14 gastrointestinal MALT 
lymphomas, 37 nonmalignant control samples, and 27 autoimmune precursor 
lesions by polymerase chain reaction amplifi cation and direct sequencing. In 47 
nongastrointestinal MALT lymphomas, 13 (28%) were positive for  Cp  DNA compared 
with 4 (11%) of 37 non-malignant control samples (P = 0.09).  Cp  was detected in 
MALT lymphomas of several organs: lung, with 100% of prevalence (5/5; P < 0.01); 
thyroid gland, in 30% of cases (3/10; P > 0.05); salivary gland, in 13% of patients 
(2/15; P > 0.05); in 15% of OAMZL (2/13); and in 25% of cutaneous lymphomatous 
lesions (1/4). Of 27 autoimmune precursor lesions, 11 (41%) resulted  Cp  positive. Only 
one (7%) of 14 gastrointestinal MALT lymphomas was positive for  Cp . All specimens 
were negative for  C. trachomatis  and  C. pneumoniae  (Aigelsreiter et al.  2011  ) . 

 The  Cp -OAMZL association was not detected in series from some countries, like 
Japan (Yakushijin et al.  2007  ) , France, China (Zhang et al.  2007  ) , Miami (Matthews 
et al.  2008  ) , and Kenya (Carugi et al.  2010  ) . Intermediate rates from 10% to 40% 
were detected in series from Cuba (Gracia et al.  2007  ) , Netherlands, UK, and others 
(Table  6.1 ). 

 Variations in  Cp  prevalence among studies from different countries could be 
explained by different methodological analysis, by the use of wide-spectrum antibi-
otics, and also by the presence of other possible microbial agents. Differences have 
been infl uenced by tissue samples, experimental conditions, DNA extraction proto-
cols, PCR sensitivity, and amount of DNA template. Most studies used a “multi-
plex” TETR-PCR (Ferreri et al.  2004  ) , while, sometimes, these primers were used 
in “monoplex” PCR, and direct sequencing to confi rm the specifi city of the ampli-
fi ed DNA was not always performed. However, centralized molecular analyses 
from a multicentre study have confi rmed the discrepancies in prevalence among 
countries and different regions of the same country (Chanudet et al.  2006  ) . Topic or 
systemic wide-spectrum antibiotics are often employed in patients with conjuncti-
val or orbital lesions fi rstly considered infl ammatory or infectious diseases; this 
practice in OAMZL could reduce the Chlamydial load, resulting in false negatives 
at PCR. A large study involving an adequate number of cases from several countries 
deserves to be conducted with the same methodological diagnostic approach.  
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    6.3.4    In Vitro  Growth 

 In a recent prospective case-control study (Ferreri et al.  2008b  ) , conjunctival swabs 
and peripheral blood samples from patients with OAMZL and healthy blood donors 
were collected and analyzed by  in vitro  cultures and TETR-PCR. Viability and 
infectivity of  Cp  were demonstrated by  in vitro  isolation and growth assays in 25% 
of patients with OAMZL, but not in the healthy blood donors used as controls 
(Ferreri et al.  2008b  ) . TETR-PCR displayed a higher sensitivity in  Chlamydia  
detection compared with  in vitro  cultures (Ferreri et al.  2008b  ) . This is likely due to 
the fact that in some micro-environmental conditions,  Chlamydiae  can enter a per-
sistent phase in infected cells, with very limited, or absent, production of CEB 
(Byrne and Ojcius  2004  ) . CEBs do not grow in cultures but can be detected by PCR-
based techniques. 

 The isolation in  in vitro  cultures (Ferreri et al.  2008b ; Ponzoni et al.  2008  ) , the 
observation of intact CEB by electron microscopy (Ponzoni et al.  2008  )  and  Cp  
eradication after doxycycline treatment (Ferreri et al.  2006a  )  confi rm that  Cp  is 
viable and infectious in biological samples obtained from patients with OAMZL. 
These fi ndings fulfi lled the second Koch’s postulate – the organism can be isolated 
and grown  in vitro  from disease lesions. Koch’s postulates are still useful to evaluate 
a cause-effect relationship between an infectious agent and a disease. To date, 

   Table 6.1    Prevalence of     C. psittaci  ( Cp ) infection in patients with OAMZL   

 Geographical area 
 Number of 
OAMZL pts 

 Number of 
 Cp  + pts 

 % of  Cp  + cases 
(95% CI)  Reference 

 Austria  13  7  54 (27–81)*  (Aigelsreiter et al.  2008  )  
 Cuba  19  2  10 (1–33)  (Gracia et al.  2007  )  
 France  6  0  0 (0–46)  (De Cremoux et al.  2006  )  
 Germany  19  9  47 (24–71)  (Chanudet et al.  2006  )  
 Germany  23  0  0 (0–12)  (Goebel et al.  2007  )  
 Italy  24  21  87 (68–97)  (Ferreri et al.  2006a  )  
 Italy  15  2  13 (2–40)  (Chanudet et al.  2006  )  
 Italy  20  15  75 (56–94)  (Ferreri et al.  2004  )  
 Italy  35  26  74 (60–88)  (Ponzoni et al.  2008  )  
 Japan  18  0  0 (0–19)  (Daibata et al.  2006  )  
 Japan  12  0  0 (0–26)  (Liu et al.  2006  )  
 South Korea  33  23  77 (58–90)  (Yoo et al.  2007  )  
 Southern China  37  4  11 (3–25)  (Chanudet et al.  2006  )  
 The Netherlands  19  0  0 (0–18)  (Mulder et al.  2006  )  
 The Netherlands  21  6  29 (11–52)  (Chanudet et al.  2006  )  
 United Kingdom  33  4  12 (3–28)  (Chanudet et al.  2006  )  
 USA, East Coast  17  6  35 (14–62)  (Chanudet et al.  2006  )  
 USA, Florida  46  0  0 (0–8)  (Rosado et al.  2005  )  
 USA, North-East  7  0  0 (0–41)  (Vargas et al.  2006  )  
 USA, North-East  31  0  0 (0–10)  (Ruiz et al.  2007  )  
 USA, North-East  28  0  0 (0–11)  (Zhang et al.  2007  )  
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 H. pylori  and  Cp  are the only bacteria with lymphomagenic potential isolated from 
patients with lymphoma and that have demonstrated growth potential in  in vitro  
cultures (Ponzoni et al.  2008  ) .  

    6.3.5   Other Infections in OAMZL 

  C. pneumoniae  DNA has been detected in a few cases of OAMZL (Chanudet et al. 
 2006 ; Chan et al.  2006  ) .  C. trachomatis , herpes simplex virus 1 and 2 and adenovi-
rus 8 and 19 are commonly related to chronic eye diseases (Ferreri et al.  2004  ) . 
 Chlamydophila pneumoniae  DNA and mRNA transcripts were investigated by PCR 
and RT-PCR in fresh CSF and PBMC specimens collected from 14 patients with 
defi nite multiple sclerosis (MS) and 19 patients with other infl ammatory and non-
infl ammatory neurological controls. A positivity for  C. pneumoniae  DNA and 
mRNA was detected in CSF and PBMCs of nine MS patients (64.2%) with evi-
dence of disease activity, whereas only three controls were positive for Chlamydial 
DNA. These fi ndings could suggest that  C. pneumoniae  may occur in a persistent 
and metabolically active state at both peripheral and intrathecal levels in MS, but 
not in other neurological controls (Contini et al.  2008  ) . 

 Gastric infection by  H. pylori  has been detected in one third of Italian patients 
with OAMZL, but with no obvious correlation with particular disease characteris-
tics (Ferreri et al.  2006b  ) .  H. pylori -eradicating antibiotic therapy was not associated 
with lymphoma regression (Ferreri et al.  2006b  ) . Worldwide data on the presence of 
 H. pylori  in the conjunctiva of healthy individuals are lacking. 

 Scattered reports throughout the literature, however, have also linked infection 
with  Hp  to MALT lymphoma arising in extragastric organs, and regressions of 
extragastric manifestations following  Hp  eradication have anecdotally been reported. 
To date, no systematic prospective investigation on the role of  Hp  infection in 
patients with primary extragastric MALT lymphomas has been performed. A total 
of 77 patients with extragastric MALT lymphoma were prospectively studied. The 
presence of  Hp  was tested by histology, breath test, and serology. Evidence of  Hp  
infection was present in 35 of 77 patients (45%). All patients with  Hp -infection 
underwent eradication, 16 before initiation of further therapy. Only a patient with 
lymphoma involving parotid and colon, obtained regression with eradication as 
exclusive treatment, the remaining 15 showed no regression of the disease at a 
median follow-up of 14 months (range, 8–48+ months). No correlation between 
 Hp -status, localization, stage, autoimmune diseases, and genetic fi ndings was seen 
(Grunberger et al.  2006  ) . 

 Some sporadic cases of extra-gastrointestinal MZL associated to  Hp -gastric lym-
phoma had been described: the presence of  Hp  in other sites of disease was not 
reported. Eradicating treatment resulted in lymphoma regression in all involved 
organs (Alkan et al.  1996 ; Berrebi et al.  1998 ; Arima and Tsudo  2003  ) . 

 Hepatitis C virus (HCV) has been detected in 13–36% of OAMZL patients, and 
it is related to more aggressive lymphomas (Ferreri et al.  2006c ; Arcaini et al.  2007  ) . 
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In line with the well-known activity reported in other indolent lymphomas, a few 
HCV + patients with OAMZL were successfully treated with anti-viral treatment 
with interferon and ribavirine. 

 Thirteen patients with histologically proven low-grade B-NHL characterized by 
an indolent course and positive for HCV infection underwent antiviral treatment 
alone with pegylated interferon and ribavirin. Seven of them (58%) achieved com-
plete response and two (16%) partial hematologic response at 14.1 +/− 9.7 months 
(range, 2–24 months, median follow-up, 14 months). Two patients presented 
stable disease while only one patient had progressive disease. Overall response rate 
was 75% and was signifi cantly associated to clearance or decrease in serum HCV 
viral load following treatment (P = 0.005). Treatment-related toxicity caused 
 discontinuation of therapy in only two patients (Vallisa et al.  2005  ) .  

    6.3.6    Cp  Infection in Other Lymphomas 

 In an archival series of 205 non-consecutive lymphomas (Ponzoni et al.  2008  ) ,  Cp  
infection was found in diffuse large B-cell lymphomas of the skin and Waldeyer’s 
ring, two extranodal organs considered as fi rst barriers to air-transported antigens. 
 Cp  transmission usually occurs by inhalation of aerosol or direct contact (Harkinezhad 
et al.  2009  ) , however,  Cp  infection is rarely found in lymphomas of the lungs and 
the gastrointestinal tract (Chanudet et al.  2007 ; Ponzoni et al.  2008 ; Aigelsreiter 
et al.  2008  ) . Recently, the presence of  Chlamydiae  infections was investigated in 47 
nongastrointestinal MALT lymphomas and 37 nonmalignant control samples 
(Aigelsreiter et al.  2011  ) . In 47 nongastrointestinal MALT lymphomas, 13 (28%) 
were positive for  Cp  DNA compared with 4 (11%) of 37 nonmalignant control 
samples (P = 0.09).  Cp  was detected in 100% of lung lymphomas (5/5; P < 0.01); 
30% of thyroid gland (3/10; P > 0.05); 13% of salivary gland (2/15; P > 0.05); and 
25% of the skin, (1/4). Conversely, our study suggests that Chlamydial infections 
are not related to development and growth of the most common forms of cutaneous 
lymphomas (Ferreri et al.  2011  Epub ahead of print).  

    6.3.7    Cp  Detection Methods 

 In a number of lymphoma studies conducted in Italy (Ferreri et al.  2004,   2005b, 
  2006a,   2007,   2008b ; Ponzoni et al.  2008  ) ,  Cp  DNA detection has been performed 
by PCR amplifi cations of three different genomic regions: a portion of the  16S rRNA  
gene and of the  16S–23S  spacer region (Madico et al.  2000 ; Ferreri et al.  2004  ) , the 
major outer membrane protein gene ( ompA ) (Tong and Sillis  1993  )  and the heat 
shock protein 60 ( hsp 60 ) gene (Hill et al.  2005  ) . Although results obtained with 
these assays showed high concordance rates, the multiplex touchdown enzyme 
time-release PCR assay (TETR-PCR) should be considered as the recommended 
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protocol for  Cp  detection (Madico et al.  2000 ; Ferreri et al.  2004  ) . TETR-PCR 
simultaneously detects  C. trachomatis, C. pneumoniae,  and  Cp  DNA at bacterial 
loads lower than one Inclusion Forming Unit. The DNA fragment amplifi ed with 
this protocol includes the end of the  16S rRNA  gene and the beginning of the 
 16S–23S  spacer region. PCR products are analyzed by electrophoresis and DNA 
fragment size is quantifi ed by image analysis. We confi rmed the specifi city of the 
amplifi ed DNA strand by sequencing; false-positivity may be a critical issue, 
since there is a high degree of homology between several genomic regions among 
the various Chlamydial species. 

 Several other real-time PCR assays have been recently proposed (Pantchev et al. 
 2008 ; Sachse et al.  2008  ) , but these have not been used for the analysis of 
lymphomatous tissue. PCR-based assays for evaluating Chlamydial prevalence in 
lymphoma series should include: (1) sequencing analysis of the amplicons to con-
fi rm specifi city; (2) analysis of multiple genetic targets to exclude the presence of 
mixed infections with  Chlamydiaceae  other than  Cp ; (3) consideration and report-
ing of any potential interfering factors, such as geographical area and year of diag-
nosis; and (4) a detailed report of experimental conditions. The quality and amount 
of DNA template and PCR protocol sensitivity levels are crucial parameters for 
assessment of the prevalence of  Cp  in biopsies. Recently, a large study confi rmed 
that immunohistochemistry for Chlamydial lipopolysaccharide could be a fast, easy 
and cost-effective surrogate to PCR for the detection of  Chlamydiae , with a 76% 
concordance rate between these techniques (Ponzoni et al.  2008  ) . Indirect tests for 
the detection of antibodies to  Cp  are serological tests that include the complement 
fi xation test (CFT), the micro-immunofl uorescence (MIF) assay and several enzyme-
linked immunosorbent assays (ELISA). Serological tests used in the screening of 
large series of patients and controls in lymphoma- Chlamydia  studies have a low 
specifi city and have therefore produced confusing results (Ferreri et al.  2004  ) . In 
this context, efforts should be made to use direct detection methods, preferably 
nucleic acid amplifi cation methods, wherever possible.   

    6.4    Chlamydophila psittaci  Eradicating Antibiotic Therapy 

    6.4.1   Therapeutic Modality and Results 

 Eradicating treatment with doxycycline (100 mg administered  per os,  twice a day, 
for 3 weeks) has been proposed as a valid therapeutic strategy in patients with 
OAMZL. In a multicentre phase II trial (Ferreri et al.  2006a  ) , 11 patients with  Cp -
positive and 16 with  Cp -negative OAMZL have been treated with doxycycline, 
obtaining an overall response rate of 48% at a median follow-up of 14 months. 
Regressions were slow and gradual, even in patients with multiple relapses, occur-
ring both in  Cp -positive (65%) and  Cp -negative (38%) patients. After a median 
follow-up of 28 months, the 3-year progression-free survival was 68%, and the 
median time to progression was >31 months, which is in line with prolonged 
remissions reported by others (Abramson et al.  2005  ) . 
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 To date, with the single exception of one case of tumour remission in a patient 
with  Cp -associated diffuse large B-cell lymphoma of the bronchus after doxycy-
cline treatment (Ferreri et al.  2007  ) , all patients treated with this strategy had 
OAMZL, at diagnosis or relapse, with limited or advanced disease. Response varied 
amongst the different tumour lesions in patients with advanced disease, which might 
be attributed to the heterogeneous distribution of tumour clones that are dependent 
on antigenic stimulation (Ferreri et al.  2008c  ) . Moreover, response to doxycycline 
could be infl uenced by re-infection due to prolonged contact with infected pets 
(Ferreri et al.  2007  )  or the effect of other concomitant infections (for example, 
hepatitis C virus).  

    6.4.2   Risk of  Cp  Re-infection 

 Up to 85% of patients with OAMZL have a history of chronic conjunctivitis and/or 
prolonged contact with pets (Ferreri et al.  2008b  ) . This is an important issue in 
OAMZL eligible for doxycycline treatment considering that sub-clinical Chlamydial 
infections are common in household animals (Greco et al.  2005  ) . Recently, we 
reported a case of prolonged exposure to a sub-clinically infected animal, which 
resulted in repeated  Cp  re-infections, asymptomatic  Cp  persistence and to the devel-
opment of two metachronus independent  Cp- associated lymphomas, clonally unre-
lated (an OAMZL and a DLBCL of the bronchus) (Ferreri et al.  2007  ) . Sustained 
contact with potentially infected animals should be investigated in  Cp -related lymphomas. 
The treatment or removal of the animal from the household may prevent  Cp  
re-infection and eliminate the risk of lymphoma development (Ferreri et al.  2007  ) .   

    6.5   Conclusion 

  Cp  is associated with the development of OAMZL in some geographical areas. This 
is suggested by molecular features of this lymphoma and some biological properties 
of  Cp . Evidence supporting this pathogenic association includes the presence of  Cp  
within macrophages and monocytes infi ltrating the lymphomatous tissue (Ferreri 
et al.  2004 ; Ponzoni et al.  2008  ) ,  Cp  isolation in  in vitro  cultures from conjunctival 
swabs and from the peripheral blood of patients with OAMZL (Ferreri et al.  2008b  )  
and the regression of lymphoma after  Cp -eradication with doxycycline (Ferreri 
et al.  2005b,   2006a  ) . This therapeutic approach in OAMZL appears a cheap, fast, 
save, and active therapy in C p -related OAMZL. Presently, the use of antibiotics in 
OAMZL is still an experimental therapy within clinical trials. We need a longer 
follow-up to defi ne antibiotics response duration, and further investigations to reli-
ably distinguish between  Cp  persistence and re-infection in unresponsive patients. 

 Several questions on this association remain unanswered. The prevalence of  Cp  
infection in different geographical areas and the identifi cation of additional infectious 
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agents associated with OAMZL are two of the most important investigational issues, 
since we observed that also  Cp -negative patients obtained clinical responses to doxy-
cycline: so we supposed that other bacteria responsive to doxycycline may be present 
in OAMZL (Ferreri et al.  2007  ) . Antibiotic treatment appears a promising alternative 
source with a signifi cant rate of success in OAMZL. In the case of  Cp  persistence, a 
different schedule of antibiotic therapy or a new antibiotic should be considered. 
Re-infection from an external source may frequently occur. The presence of an exter-
nal reservoir for  Cp  in the domestic or professional environment should be always 
investigated. These concerns represent the essential endpoints of a recently con-
ducted multicentre prospective phase II trial (IELSG #27 trial) with centralized 
molecular analysis, under the sponsorship of the International Extranodal Lymphoma 
Study Group. The role of antibiotic therapy in OAMZL and the correlation between 
therapeutic activity and genetic abnormalities were additional endpoints in this trial. 
The development of  in vitro  tests for patients with OAMZL that can assess lympho-
cyte proliferation in response to Chlamydial antigen stimulation could improve our 
understanding of the pathogenesis of these lymphomas. In order to establish a caus-
ative role of  Cp  in OAMZL, experimental animal models that confi rm the lymphom-
agenic potential of  Cp  need to be developed. Finally, studies that characterize the 
mechanisms of antibiotic resistance,  Cp  re-infection and reactivation might improve 
the effi cacy of antibiotic therapy in patients with OAMZL.      
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  Abstract   Infections have been implicated in around 18% of all malignancy in 
humans. The common infections include viruses, bacteria and Schistosomes. The 
role of bacteria in carcinogenesis is now quite evident particularly in  H. pylori  
induced gastric cancer and mucosa associated lymphnoid tissue (MALT) lymphoma 
and  Salmonella typhi  causing carcinoma gallbladder. The chronic infl ammation is 
the important mechanism involved in the majority of bacteria induced malignan-
cies. The chronic infl ammation is mediated by various pro and anti – infl ammatory 
cytokines including IL-1, IL-6, IL-17, TNF- a  and IL-10. The key factor in the 
infl ammatory process is the activation of NF-kB. Various toxins are produced by 
different bacteria which cause direct damage to the host cells by DNA damage or 
affecting DNA repair mechanism resulting in alteration in the enzyme transcription 
or translation. It has also been postulated that bacterial infection activate infl amma-
tory/immune cells to generate reactive oxygen species (ROS) and reactive nitrogen 
species (RNS) which causes DNA damage leading to cancer. The free radicals gen-
erated also acts at different levels which affects the cellular homeostasis. 

 The epigenetic alteration in form of DNA methylation and histone modifi cation 
has also been reported in bacteria induced carcinogenesis. The other alternative 
molecules has been evolved by the bacteria that involved in adhesions of bacteria to 
cell surfaces, modulation of cytoskeleton or junctional activities and affecting spe-
cifi c signaling pathways. 

 The studies have shown that bacterial infection also causes immune modulation 
and result in persistence of the infection. It is also seen that not only the bacterial 
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pathogen but the host genetic factors also determine the susceptibility and persistence  
of infection. The certain genotypes of infl ammatory mediators are associated with 
increased risk of cancer. Thus, the bacteria induced carcinogenesis is a multifaceted, 
complex process.  

  Keywords   Bacteria  •  Cancer  •   H. pylori   •  Gastric cancer  •  Lung Cancer  •  Gallbladder 
cancer  •  Carcinogenesis  •  Bacterial toxin  •  Chronic infl ammation  •  Mucosa associ-
ated lymphoid tissue (MALT) lymphoma  

   Abbreviations 

  4HNE    4-hydroxynonenal   
  AP-1    Activator Protein-1   
  BMP    Bone Morphogenetic Protein   
  Cag A    Cytotoxin Associated Gene Antigen   
  Cag PAI    Cag A pathogenicity Associated Island   
  CDT    Cytolethal Distending Toxin   
  Cif    Cycle Inhibiting Factor   
  CNF    Cytotoxic Necrotizing Factor   
  COX-2    Cyclooxygenase-2   
  CpG    —C—phosphate—G—   
  dG    deoxyguanosine   
  EDIN    Epidermal Differentiation Inhibiting Factor   
  ERK    Extracellular Regulated Tyrosine Kinase   
  FAK    Focal Adhesion Kinase   
   H. pylori      Helicobacter pylori    
  HAT    Histone Acetyl Transferases   
  HDACs    Histone Deacetylase   
  HlpA    Histone Like Protein   
  ICAM-1    Intercellular Cell Adhesion Molecules   
  IKK    Inhibitory Kappa B Kinase   
  IL    Interleukin   
  INF    Interferon   
  iNOS    inducible Nitric Oxide Synthase   
  Kb    Kilobase   
  KDa    Kilo Dalton   
  LPS    Lipopolysaccharide   
  LTA    Lipoteichoic acid   
  MALT    Mucosa Associated Lymphoid Tissue   
  MAPK    Mitogen Activated Protein Kinase   
  MIP    Macrophage infl ammatory protein   
  NF- k B    Nuclear Factor Kappa B   
  NG    Nitroguanine   
  PMT     Pasturella multocida  toxin   
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  RN    Recepter Antgonist   
  RNS    Reactive Nitrogen Species   
  ROS    Reactive Oxygen Species   
  RR    Relative Risk   
  Shh    Sonic Hedgehog Homolog   
  SRF    Serum Response Factor   
  T4SS    Type IV Secretion Apparatus   
  TH1    Type 1Helper T-cell   
  TLR4    Toll like Receptor 4   
  TNF    Tumour Necrosis factor   
  VacA    Vacuolating Cytotoxin   
  VEGF    Vascular Endothelial Growth Factor         

    7.1   Introduction 

 The infection is one of the most important causes of cancer (de Martel and Franceschi 
 2009 ; Pisani et al.  1997  ) . In 2002, it was estimated that 18% of all malignancies 
were attributed to infectious agents (de Martel and Franceschi  2009 ; Ferlay et al. 
 2004  ) . The infections involving viruses, bacteria and Schistosomes have been linked 
with higher risk of malignancy (de Martel and Franceschi  2009  ) . Carcinogenesis is 
a protracted, multistage and complex process and may take decades to reach its 
culmination. The time gap between the initiation and development of cancer is too 
long to lid the role of bacteria in cacinogenesis. Therefore, a direct link between 
bacterial infection and cancer is many times diffi cult to establish. The involvement 
of bacteria in carcinogenesis remain controversial partly because of absence of 
agreement on its molecular mechanism which leads to development of cancer (Nath 
et al.  2010  ) , and also the presence of bacteria at the site of tumour itself does not 
implicate its causation. But the evidence of bacterial infection causing cancer is 
quite evident in  H. pylori  infections causing gastric cancer and mucosa associated 
lymphoid tissue (MALT) lymphoma,  Salmonella typhi  resulting in gallbladder can-
cer. The other bacterial infections causing cancer includes  Streptococcus bovis  with 
colon cancer and  Chlamydia pneumoniae  with lung cancer (de Martel and Franceschi 
 2009 ; Nath et al.  2010 ; Vogelmann and Amieva  2007  ) . 

 William Russel in 1890 fi rst gave the possibility of bacteria induced carcinogen-
esis. In 1926, Thomas Glover stated that specifi c bacteria could be isolated consis-
tently from neoplastic tissues. In 1931, Hodgkin’s Lymphoma was found to be 
associated with the infection of acid fast bacteria. Few years later in 1941, George 
Mazet reported that both leukemia and Hodgkin’s disease were associated with 
infection of bacteria. Various authors like WM Crofton, V Livingston, EJ Villesquez, 
IC Diller between 1936 and 1955, have isolated and reported the presence of 
microbes in cancer tissue. In 1969, a group of scientists from NCI, USA suggested 
positive association between bacteria and cancer, although they contradicted their 
 previous hypothesis. In 1994, the International Agency for Research on cancer clas-
sifi ed  H. pylori  as a group I carcinogen (Nath et al.  2010  ) .  
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    7.2   Possible Strategies for Bacterial Involvement 
in Carcinogenesis 

    7.2.1   Chronic Infl ammation 

 Chronic infl ammation represents the major pathologic basis for majority of the bac-
teria induced malignancies. The role of infl ammation in carcinogenesis has been 
fi rst proposed by Rudolf Virchow in 1863, when he noticed the presence of leuko-
cytes in the neoplastic tissue (Balkwill and Mantovani  2001  ) . Since then, various 
studies linked infl ammation and cancer and data started supporting that tumours can 
originate at the sites of infection or chronic infl ammation. Approximately 25% of 
all cancers are associated with chronic infection and infl ammation (Kundu and Surh 
 2008 ; Hussain and Harris  2007  ) . The infl ammation act as adaptive host defense 
against infection but inadequate resolution or persistent infl ammatory response may 
lead to chronic ailments like cancer (Kundu and Surh  2008  ) . Chronic infection from 
bacteria may increase the risk of cancer through various mechanisms like direct 
DNA damage, alteration in the cell cycle regulation, inhibition of apoptosis, subver-
sion of immunity and stimulation of angiogenesis. The chronic infl ammation also 
affects proliferation, adhesions and cellular transformation (Nath et al.  2010 ; Kundu 
and Surh  2008 ; McNamara and El-Omar  2008  ) . 

  H. pylori  induced chronic infl ammation is mediated by an array of pro and anti-
infl ammatory cytokines. The proinfl ammatory cytokines including IL-1, IL-6, and 
IL-17 participates in the infl ammation associated carcinogenesis (Kundu and Surh 
 2008  ) . TNF- a  plays a dual role in bacteria induced neoplasm. IL-10 is an anti-
infl ammatory cytokines. Chemokines are usually produced by proinfl ammatory 
cytokines. The central role of chemokines is to recruit leukocytes at the site of 
infl ammation. Central to the infl ammatory process induced by  H. pylori  is the acti-
vation of NF- k B in the gastric epithelial cells. NF- k B has a key role as a mediator 
in mucosal infl ammation.  H. pylori  activation of NF- k B through nuclear transloca-
tion stimulates increased production of IL-8, IL-1, TNF- a , and various other 
chemokines (Kundu and Surh  2008 ; McNamara and El-Omar  2008  ) . The activation 
of nuclear factor kappa B (NF- k B) is an important link between infl ammation and 
cancer (Nath et al.  2010 ; Karin and Greten  2005  ) . The NF- k B pathway is activated 
by bacterial infection and cytokines (TNF- a , and IL-1), resulting in IKK complex 
formation (Hacker and Karin  2006  )  and degradation of NF- k B inhibitors (Nath 
et al.  2010  ) . NF- k B enters into the nucleus and results in the transcription of target 
genes. It up regulate the genes involved in cell cycle control (cyclin D1, CDK2 
kinase) and down regulates the genes responsible of decreased apoptosis (p21, p53 
and pRb).The proinfl ammatory and proangiogenic cytokines such as IL-1B, IL-6, 
VEGF are upregulated, however TNF is down regulated by NF- k B. Genes respon-
sible for invasion of tumour cell and metastasis are also upregulated by NF- k B 
(Nath et al.  2010  ) . NF- k B is required for induction of tissue repair genes and results 
in increased expression of both inducible nitric oxide synthase (iNOS) and intercel-
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lular cell adhesion molecules including ICAM-1.  H. pylori  stimulate the adaptive 
immune system by activation of NF- k B through a multistep process triggered by 
lipopolysaccharide (LPS) binding with a specifi c transmembrane pattern recogni-
tion receptor i.e. toll like receptor 4 (TLR4) (McNamara and El-Omar  2008 ; Pasare 
and Medzhitov  2004  ) .  H. pylori  infection also up regulates signaling molecules like 
activation of the extracellular regulated tyrosine kinase (ERK) signaling pathway 
results in an increase in important transcription factors such as activation protein-1 
(AP-1) and serum response factor (SRF) which might be responsible for up regula-
tion of pro-infl ammatory cytokines seen in  H. pylori  infection (Lax and Thomas 
 2002 ; Mitsuno et al.  2001  ) .  

    7.2.2   Bacterial Toxins 

 The several bacterial toxins have been implicated in the carcinogenesis. They act 
through the different pathway and can kill cells or can modify the cellular process 
that control DNA repair, proliferation, apoptosis and differentiation. These bacterial 
toxins can cause direct damage to the host cells by DNA damage or affecting the 
DNA repair mechanism and alteration in the enzyme transcription or translation. It 
may cause carcinogenesis by infl icting chronic infl ammatory response and produc-
tion of free radicals (Nath et al.  2010 ; Nougayrède et al.  2005  )  (Table     7.1 ).  

 The cytolethal distending toxin (CDT) is a cell cycle inhibitor produced by sev-
eral gram negative bacteria like  Campylobacter jejuni  and  Salmonella typhi . The 
cdtB unit of CDT is a DNAse that causes double stranded DNA breaks causing cell 
cycle arrest particularly at the G 

2
  checkpoint (Mager  2006 ; Haghjoo and Galan 

 2004  ) . The CNF (cytotoxic necrotizing factor) is a toxin found in many uropatho-
genic  Escherichia coli  and also  Campylobacter jejuni, Salmonella typhi, Bartonella  
spp. CNF induces elevation in the expression of COX-2 and activation of Rho 
family protein which act as a key to molecular switches that integrate signals from 
several different signal transduction pathways. The action of CNF on Rho proteins 
also leads to perturbation of the cell cycle by inducing DNA synthesis and affect 
apoptosis. CNF itself can suppress apoptosis by affecting the transcription levels of 
Bcl-2 family proteins (Lax and Thomas  2002 ; Fiorentini et al.  1998  ) . 

  Pasteurella multocida  toxin (PMT) is a potent mitogen produced by  Pasteurella 
multocida.  Its target molecule is unknown but it acts intracellulary to stimulate sev-
eral signaling cascade mediated by proto-oncogenes. The subsequent activation of 
ERK-1 and 2 MAPKs (mitogen activated protein kinase) stimulates the DNA syn-
thesis and cellular proliferation.  In vitro  studies has shown that PMT promote Rho 
A mediated signal transduction result in activation of focal adhesion kinase (FAK) 
and Src family kinases which are often increased in many cancers (Lax and Thomas 
 2002 ; Lax and Grigoriadis  2001 ; Thomas et al.  2001  ) . 

 Epidermal differentiation inhibiting factor (EDIN) is expressed by some strains 
of  Staphylococcus aureus  and related toxins from  Bacillus cereus  and  Clostridium  
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spp. modifi ed Rho proteins, and induces hyperplasia (Lax and Thomas  2002 ; Sugai 
et al.  1992  ) . Cycle inhibiting factor (Cif) is a cell cycle inhibitor found in  E. coli . Cif 
arrest the cell at the G2M phase (Marches et al.  2003  )  and causes unique alterations 
in the host cell that result in the attachment of the cytoskeleton to the host cell mem-
brane. These changes inhibit mitosis and causes cellular and nuclear enlargement. 
The DNA synthesis is initiated but the nuclear division does not occur and endoredu-
plication result in the cellular DNA content of 8–16n (Nougayrede et al.  2005  ) . 
 Bartonella  spp. infection promotes the production of vascular endothelial growth 
factor (VEGF). VEGF is a potent proteins mitogen and stimulate tumour angiogen-
esis (Lax and Thomas  2002 ; Kempf et al.  2001  ) . The cytotoxin associated gene 
antigen (Cag A) and Vacuolating cytotoxin (Vac A) are the important virulence fac-
tor for  H. pylori  induced gastric carcinoma and are described below (Kusters et al. 
 2006 ; Blaser and Atherton  2004  ) .  

    7.2.3   Generation of Reactive Oxygen and Nitrogen Intermediate 

 The oxidative and nitrosative stress are the crucial mechanism that can results in 
neoplastic transformation. In response to bacterial infection, activated infl ammatory/ 
immune cells generate reactive oxygen species (ROS) and reactive nitrogen species 

   Table 7.1    Bacterial toxins and their possible    mechanism of action in carcinogenesis   

 Bacterial toxins  Mechanism of action 

 1.  Cytolethal distending toxin (CDT) 
(Mager  2006 ; Haghjoo and 
Galan  2004  )  

 Cell cycle inhibitor (usually at G2 check 
point) (cdtB subunit: chromatin 
fragmentation) 

 2.  Cytotoxic necrotizing factor (CNF) 
(Lax and Thomas  2002 ; Fiorentini 
et al.  1998  )  

 Modifi es Rho family protein (proliferation) 
Bcl-2 family protein (suppress 
apoptosis) 

 3.  Pasturella multocida toxin (PMT) 
(Lax and Grigoriadis  2001 ; 
Thomas et al.  2001  ) . 

 Activate mitogen activated protein kinase 
(MAPK) Promote Rho A 

 4.  Epidermal differentiation inhibiting 
factor (EDIN) (Lax and Thomas 
 2002 ; Sugai et al.  1992  )  

 Modifi es Rho family protein 

 5.  Cycle inhibiting factor (Cif) (Marches 
et al.  2003  )  

 Arrest cell cycle in G2M phase 

 6.  Vascular endothelial growth factor 
(VEGF) (Lax and Thomas  2002 ; 
Kempf et al.  2001  )  

 Proliferation and angiogenesis 

 7.  Cytotoxin associated gene-A (Cag-A) 
(Kusters et al.  2006 ; Blaser and 
Atherton  2004  ) . 

 Binding with SH-2 domain 

 8.  Vacuolating cytotoxin- A (Vac-A) 
(Kusters et al.  2006 ; Blaser and 
Atherton  2004  ) . 

 Membrane binding and pore formations 
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(RNS), which act as chemical effector in infl ammation induced carcinogenesis. The 
generation of ROS and RNS causes DNA damage leading to cancer (Kundu and 
Surh  2008  ) .  H. pylori  infection causes gastric mucosal infl ammation and infi ltration 
of macrophages and polymorphonuclear neutrophils containing inducible nitric 
oxide synthase (iNOS) (Blaser and Atherton  2004 ; Bereswill et al.  2000,   1998  ) . 
This enzyme lead to formation of large amount of nitric oxide (NO), a high reactive 
molecule which plays an important role in infl ammation associated carcinogenesis 
by direct modifi cation of DNA and inactivation of DNA repair enzymes.  H. pylori  
induced oxidative DNA damage is caused by formation of 8-oxo 7, 8 dihydro-2 
deoxyguanosine (8-oxo-dG). Reactive nitrogen species, peroxynitrite (product 
formed by a reaction between NO radical and superoxide anion) causes DNA dam-
age by forming 8-nitroguanine (8-NG) (Kundu and Surh  2008 ; Ohshima et al.  2006 ; 
Yermilov et al.  1995  ) . Thus, oxidative and nitrosative DNA damage products 
(8-oxo-dG and 8-NG) have been implicated in the initiation of the infl ammation 
induced carcinogenesis. ROS and RNS can also induce lipid peroxidation to gener-
ate other reactive species like malondialdehyde and 4-hydroxynonenal (4HNE) 
which are capable of causing DNA damage (Kundu and Surh  2008 ; Bartsch and 
Nair  2005  ) . These free radicals also causes alteration in the cellular protein function 
involved in DNA cross linkage and cellular homeostasis. As the precancerous pro-
cess advances, iNOS is seen in the cytoplasm of dysplastic and neoplastic epithelial 
cells. Nitrosative stress also plays a critical role in infl ammation associated carcino-
genesis by activating activator protein-1 (AP-1), which is involved in cell transfor-
mation and proliferation (Kundu and Surh  2008  ) .  

    7.2.4   Epigenetic Alterations 

 The epigenetic alteration induced by bacterial infection can infl uence gene expres-
sion by DNA methylation and histone modifi cation and also contribute to infl amma-
tion induced cancer development. The CpG hypermethylation of E-cadherin gene in 
intestinal metaplasia in  H. pylori  infected patients suggest DNA hypermethylation 
as an important and early event in the development of gastric carcinoma (Kundu and 
Surh  2008  ) .  H. pylori  infection also causes DNA hypermethylation of tumour sup-
pressor p16 gene suggesting epigenetic alterations in bacterial infection induced 
carcinogenesis. The inappropriate activation or inactivation of HDACs (histone 
deacetylase) and HAT (histone acetyl transferases) has been seen in response to 
infl ammation induced carcinogenesis. The transcriptional activation of NF- k B and 
IL-8 induced by LPS and TNF- a  (proinfl ammatory stimuli) was dependent on p38 
mitogen activated protein kinase (MAPK) and inhibitory kappa B kinase (IKK)- a  
mediated phosphorylation of histone-3 (Saccani et al.  2002 ; Yamamoto et al.  2003  ) . 
Similarly, transcriptional activation of COX-2 (cyclooxygenase-2) is promoted by 
the acetylation of histone-4 through the HDAC-1 degradation. Thus the bacterial 
infections causing in epigenetic alterations, result in carcinogenesis (Kundu and 
Surh  2008  ) .  
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    7.2.5   Direct Injection Effect 

 Bacteria have evolved several sophisticated molecules that interact specifi cally with 
host eukaryotic cells. These molecules are involved in adhesion of bacteria to cell 
surfaces, activating and inhibiting entry into host cells, modulation of cytoskeleton 
or junctional activities and activating specifi c signaling pathways. Some bacteria 
have shown to directly affect the cellular process resulting in carcinogenesis (Nath 
et al.  2010 ; Vogelmann and Amieva  2007 ; Kundu and Surh  2008  ) . 

  H. pylori  also possess a T4SS (a type IV secretion apparatus), encoded in the Cag 
A pathogenecity island (Cag PAI). The effectors protein Cag A is injected into the host 
cell cytoplasm through this molecular needle. On reaching into the host cytoplasm, 
Cag A gets phosphorylated by Src family kinases and activates certain activities like 
activation of growth factor like signaling pathway, loss of cellular polarity, activated 
epithelial cell proliferation and NF- k B (Vogelmann and Amieva  2007 ; Hussain and 
Harris  2007  ) . Similarly  Bartonella  acts through the injection of effector proteins 
(BEPs) directly into the endothelial cell stimulating cell proliferation, cytoskeletal 
rearrangements, activation of NF- k B and inhibition of apoptosis (Vogelmann and 
Amieva  2007  ) .  

    7.2.6   Immune Modulation and Resistance to Phagocytosis 

 The various studies have shown that humoral immunity to  H. pylori  is only mar-
ginal. This antibody production does not lead to eradication of infection but may 
contribute to tissue damage.  H. pylori  attachment to the cell leads to the production 
of auto-antibodies against lewis carbohydrate epitopes on the surface of acid pro-
ducing parietal cells (Kusters et al.  2006  ) . This results in loss of the parietal cells 
and subsequent hyperproliferation of gastric stem cells producing adenomatous 
lesions.  H. pylori  infection results in induction of Th-1 polarized response. The 
Th-2 cell stimulate B cells in response to extracellular pathogens, Th-1 cells are 
induced mostly in response to intracellular pathogens. Since  H pylori  is a noninva-
sive bacteria, so Th-2 cell response would be expected but paradoxically it is Th-1 
(Harris et al.  2000  ) . This Th-1 orientation may be due to increased antral production 
of interleukin-18 in response to  H. pylori  infection (Suerbaum and Michetti  2002  ) . 

 In experimental studies, it is shown that transfer of unfractionated splenocytes 
from  H. pylori  infected mice induces gastritis, delayed-type hypersensitivity and 
metaplasia in mice. This study supports the hypothesis that  H. pylori  induced 
 pathology is being mediated by T-cell. This adaptive immune response is initiated 
and maintained by the monocytes and Th1 lymphocytes rather than epithelial cells. 
The presence of  H. pylori  in the gastric mucosa is associated with strong IL-12 
production and the presence of large numbers of Th-1 cells. This mechanism of 
cytokines production by monocytes rather gastric epithelial cell is different way of 
creating protective immunity (Kusters et al.  2006  ) . 
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  H. pylori  infection up regulates the MIP-3 a  gene expression in gastric epithelial 
cells resulting in an infl ux of monocytic cells into the lamina propria. But these cells 
are functionally not able to perform phagocytosis of  H. pylori  because of reduced 
anti- H. pylori  activity of macrophages and also altered processing of  H. pylori  anti-
gen by activated macrophages (dendritic cells)(Kusters et al.  2006  ) .  

    7.2.7   Host Genetic Factor 

 It is not only the bacterial pathogen but also the host genetics play an important role 
in determining the susceptibility and severity of the infections. Genetic polymor-
phism directly infl uences the expression of gene product and ultimately determines 
the clinical outcome (McNamara and El-Omar  2008  ) . There are many genetic poly-
morphisms that affect the expression levels of infl ammatory mediators in  H. pylori  
infection. The IL-1 cytokine is encoded by a cluster that contains the polymorphic 
IL-1B (encoding the IL-1 b  cytokine) and IL-RN (encoding the IL-1 receptor antag-
onist) genes. IL-1 b  is a potent pro-infl ammatory cytokine and the most potent 
known inhibitor of acid secretion (Kusters et al.  2006 ; Calam  1999  ) . The IL-1 gene 
cluster contains several polymorphisms such as IL-1B*-31C, IL-B*-511T, and 
IL-1RN*2*2, which lead to high level expression of IL-1 b  (Kusters et al.  2006  ) .
These genotype are at increased risk of developing hypochlorhydria, gastric atrophy 
and gastric cancer. The risk of malignancy is increased by two to three-folds in these 
genotypes (El-Omar et al.  2000,   2003  ) . The genetic polymorphism of IL-1 has 
increased risk of both intestinal and diffuse types of noncardia gastric cancer. 
Similarly, polymorphism is observed in other infl ammation associated genes like 
tumour necrosis factor alpha (TNF- a ) and IL-10. The TNF A*308 A genotype is 
associated with increased TNF- a  production which along with the IL-1 infl uence 
the acid secretion by parietal cells (Kusters et al.  2006  ) .  

    7.2.8   Affecting Stem Cell Homeostasis 

 The gastrointestinal epithelium is regulated by the specifi c stem cell. In order to 
secure vast supply of differentiated cells, stem cell homeostasis is highly regulated 
to avoid uncontrolled proliferation of cell and cancer development. The stem cell 
niche regulates stem cell homeostasis through growth factors secreted by support-
ing cells and cell-cell adhesion of stem cells and their surrounding cells. The Cag A 
injection into the epithelial cells results in activation of growth factor pathway, loss 
of epithelial cell-cell adhesion and degradation of basement membrane (Vogelmann 
and Amieva  2007  ) . 

 The stem cells (gastrointestinal epithelium) are controlled by signaling path-
ways such as Wnt / b -catenin, Hedgehog, TNF  b / BMP (transforming growth fac-
tor  b / bone morphogenetic protein) and Notch. In the presence of bacterial 
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infection, these signaling pathways deliver signals to the epithelium and have 
shown to increase  b -catenin transcriptional activity in Cag A positive strains in 
both  in vivo  and  in vitro  (Vogelmann and Amieva  2007  ) . In animal models 
(Mongolian gerbils),  H. pylori  decreases Sonic hedgehog homolog (Shh) expres-
sion and causes increased epithelial cell proliferation (Suzuki et al.  2005  ) . It has 
been shown by various studies that Cag A positive  H. pylori  directly affect the 
gastric stem cell homeostasis.   

    7.3   Some Representative Examples of Bacteria 
Associated Cancers 

    7.3.1    H. pylori  Causing Gastric Cancer and Lymphoma 

 Chronic  H. pylori  infection induced infl ammation leads to loss of the normal gastric 
mucosal architecture and results in the destruction of gastric gland and eventually 
fi brosis and intestinal type epithelium. This atrophic gastritis and intestinal metapla-
sia is common where more severe infl ammation is present. Thus, the risks for atro-
phic gastritis depends on the distribution and pattern of chronic active infl ammation 
and extend multifocally with time (Kusters et al.  2006 ; Blaser and Atherton  2004  ) . 
The risk of development of gastric cancer depends on the extent and severity of gas-
tric atrophy and varies from 5 to 90-fold (Sipponen et al.  1985  ) .  H. pylori  infection 
increases the risk of gastric cancer with the process of atrophy and metaplasia, is now 
well proven. It is also supported by the geographical association seen between the 
prevalence of  H. pylori  infection and incidence of gastric cancer.  H. pylori  desig-
nated as class-I carcinogen by WHO and it is established that  H. pylori  colonization 
increases the risk of gastric cancer by approximately ten folds (IARC  1994  ) .  H. 
pylori  is a spiral shaped gram negative bacterium which colonizes on gastric epithe-
lium for a life time in the absence of specifi c antimicrobial therapy (Kusters et al. 
 2006  ) .  H. pylori  has been associated with non cardia gastric adenocarcinoma and 
gastric lymphoma. The epidemiological studies including several case-control stud-
ies nested in large population base cohorts have established  H. pylori  as a strong risk 
factor for non cardia gastric adenocarcinoma with relative risk (RR) of around 3 
(Helicobacter and Cancer Collaborative Group  2001  ) .  H. pylori  infection ability to 
foster a chronic infl ammatory response is the best understood explanation of the 
bacterium’s carcinogenic potential. The certain genotypes of  H. pylori  that cause 
more infl ammation are more closely related to malignancy. Several studies now have 
well described virulence factor including cytotoxin associated gene antigen (Cag A), 
Vacuolating cytotoxin A (Vac A) (Kusters et al.  2006 ; Blaser and Atherton  2004  ) .  H. 
pylori  specifi cally adapted to colonize and survive in the hostile acidic gastric envi-
ronment. There are several factors including urease enzyme and urea transport pro-
tein maintains a neutral pH microenvironment essential for the survival of the 
organism. 
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 The certain  H. pylori  strains are more virulent and cause morphological changes, 
vacuolization and successive degeneration of cell during  in vitro  studies. This activity 
is due to presence of Cag A protein of molecular mass of approximately 140 kDa. 
The Cag A protein is highly immunogenic and encoded by Cag A gene (Kusters 
et al.  2006 ; Covacci et al.  1993  ) . It is marker for the presence of genomic PAI of 40 
Kb and encodes between 27 and 31 proteins. Cag A gene is present in approxi-
mately 50–70%  H. pylori  strains and has higher infl ammatory response and more 
risk of developing peptic ulcer and gastric cancer in Western populations. Although, 
this association is not seen in Asian population (Kusters et al.  2006  ) . 

 Cag PAI encoded protein also serve as building blocks of type IV secretion 
apparatus, which forms a syringe like structure. This helps in translocation of Cag 
A, peptidoglycan and other bacterial factors into the gastric epithelial cell 
cytoplasm. Cag A induces epithelial cell proliferation and division after tyrosine 
phosphorylation and binding with the Src homology 2 (SH-2) domain- containing 
tyrosine phosphatase 2, by activation of nuclear factor kappa B (NF- k B) and secre-
tion of interleukin 8 (IL-8) (Vogelmann and Amieva  2007 ; McNamara and El-Omar 
 2008 ; Kusters et al.  2006  ) . The amount of Cag A tyrosine phosphorylation is directly 
related with the number of repeats.  H pylori  strains having Cag A with larger num-
ber of these repeats produces more pronounced morphological changes in the epi-
thelial cells in culture studies and also associated with risk of gastric carcinoma. The 
other effect of Cag PAI encoded proteins include rearrangement of the actin cytoskel-
eton, inhibition of apoptosis, epithelial cell DNA damage, activation of transcription 
factor AP-1, increased expression of proto-oncogenes  c-fos  and c- jun  and increased 
expression of prostaglandin E2 (Keates et al.  1999 ; Lee et al.  2005  ) . The two type of 
Cag A are described i.e. Western and East Asian. The increased binding affi nity and 
tyrosine phosphorylation is responsible for more severe gastritis, gastric atrophy and 
ultimately to gastric carcinoma. The Cag A also affects the immune response of the 
host by its ability to induce apoptosis of T-cells (Nath et al.  2010  ) . 

 Vacuolating cytotoxin A is a highly immunogenic protein encoded by VacA gene 
and induces massive vacuolization in the epithelial cells  in vitro , but does not seem 
to appear  in vivo . Vac A protein can cause membrane channel formation, disruption 
of endosomal and lysosomal activity, effects on integrin receptor induced signal-
ling, induction of apoptosis and immune modulation. The sequence heterogeneity 
within the VacA gene is present at the signal region (s) and middle region (m). The 
signal (s) region occurs as either s1 or s2 whereas (middle) m region exists as m1 or 
m2 type. Strains with VacA m1 alleles are more toxigenic than those with m2 alleles 
which are mildly or non-toxigenic and within the m1 group, strains with s1a/m1 
alleles are more toxigenic than those with s1b/m1 alleles. The vacuolating activity 
of  H. pylori  is high in s1m1 genotypes, intermediate in s1/m2 genotype and absent 
in s2/m2 genotypes. At the same time, VacA s1/m1 genotypes are more frequently 
associated with gastric carcinoma (Kusters et al.  2006  ) . VacA protein mediated 
effects are directly or indirectly occurs from membrane binding and pore forma-
tions. VacA also enters the cytosol and accumulates in the mitochondrial inner 
membrane and causes apoptosis. This pro-apoptotic effect of VacA is cell type 
dependent and is limited to the gastric epithelial cells e.g. parietal cells. It results in 



176 Puneet    et al.

reduced acid secretion in stomach and predisposes for the development of gastric 
carcinoma. The interaction of VacA with immune cells causes inhibition of antigen 
presenting cells and T cell proliferation. It is also caused by the active inhibition of 
lymphocyte activation. The virulence factors are the important determinants of out-
come of  H. pylori  infection. A better understanding of their modes of action, their 
interactions and genetic variations can help to identify the risk group for gastric 
cancer. 

 Gastric lymphoma is the most common extra-nodal lymphoma but is a rare 
malignancy since it represents 6% of gastric cancer. The stomach mucosa do not 
contains any lymphoid tissue.  H. pylori  colonization induces MALT and almost all 
MALT lymphoma patients are  H. pylori  positive. The true incidence of MALT lym-
phoma in  H. pylori  positive individuals is not known. However, it occurs in less than 
1%  H. pylori  positive cases. MALT arises in an area of chronic infl ammation and 
derives from marginal zone lymphocytes which surround B-cell follicles in gastric 
lymphoid tissue. The near universal presence of  H. pylori  in gastric biopsies of 
patients with MALT lymphoma has been demonstrated. The serological nested case 
control study in two different populations showed a RR for developing gastric lym-
phoma of 6.3 (de Martel and Franceschi  2009 ; Parsonnet et al.  1994  ) . The eradica-
tion of  H. pylori  could achieve complete regression of stomach lymphoma in 
60–100% patients with low grade MALT lymphoma and 60% in early stage high 
grade lymphoma (Chen et al.  2005  ) .  

    7.3.2    Salmonella typhi  and Gallbladder Cancer 

 An association of chronic typhoid carriage and carcinoma of the gallbladder was 
fi rst reported by Axelrod et al.  (  1971  ) . The various researchers have reported the 
increased incidence of cancer of hepatobiliary system in typhoid carriers. A case 
control study which compared individual who experienced acute infection with 
those who subsequently became chronic carriers following 1922 typhoid out break 
in New York. In this study, the carriers were six times more likely to die of hepato-
biliary carcinoma than matched controls (Mager  2006 ; Welton et al.  1979  ) . In indi-
viduals infected with  S. typhi  in Aberdeen typhoid outbreak in 1964, the lifetime 
risk of developing gallbladder cancer was 6% (Caygill et al.  1994  ) . Studies from 
Mexico reported 12 time increased risk of gallbladder cancer in individual with his-
tory of typhoid fever (Nath et al.  2010  ) . North Indian studies have shown 7.9-fold 
increased risk of gallbladder cancer in patients with chronic typhoid carrier diag-
nosed by Vi-serology (Shukla et al.  2000  ) . In a large cohort of 113,394 from Japan 
in an area with extremely low prevalence of typhoid fever, the relative risk of devel-
oping carcinoma gall bladder was 2.1 (Yagyu et al.  2008  ) . The study on chronic 
typhoid carriers in carcinoma gallbladder patients using nested PCR techniques 
showed that 67.3% of carcinoma gallbladder patients were typhoid carriers as com-
pared to 8.3% of the healthy population (Nath et al.  2010,   2008  ) . It has been hypoth-
esized that metabolites and toxins produced by the bacteria are concentrated 10 
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times in the gallbladder. The various carcinogens produced by  S. typhi  have been 
suggested including bacterial glucuronidase, it is a bacterial enzyme which act on 
primary bile acid and produce secondary bile acids at very high concentrations and 
also nitroso coumpounds from nitrates (Nath et al.  2010  ) .  S. typhi  also produce 
cytolethal distending toxin (CDT), which is a tripartite complex. CDT has active 
unit, CdtB which has structural and functional homolog with mammalian DNAase-I 
and the other two units CdtA and CdtC mediate the binding of toxin to plasma mem-
brane.  S. typhi  produced unique CdtB dependent CDT that required bacterial inter-
nalization into host cells (Haghjoo and Galan  2004  ) . CdtB after being delivered to 
the cytosol it reaches the nucleus of the target cell where it causes DNA damage. 
The CdtB subunit also causes fragmentation of chromatin in cell culture studies. 
The persistence of  S. typhi  infection may be facilitated by CDT as this toxin is also 
known for its immunomodulated activity (Shenker et al.  1999  ) . 

 The researchers have shown that patients with  Salmonella  infection lack IL-12 
R b 1 chain expression (Mager  2006 ; de Jong et al.  1998  ) . Interleukin-12 (IL-12) is a 
cytokine that promotes cell mediated immunity to intracellular pathogens such as  S. 
typhi  by inducing type1 helper T cell (TH1) response and interferon- g  (INF-  g ) pro-
duction. IL-12 binds to the high affi nity  b 1/ b 2 heterodimeric IL-12 receptor 
(IL-12R) complexes on T- cell and natural killer cells. The IL-12 R b 1 sequence 
analysis revealed genetic mutations that resulted in premature stop codons in the 
extracellular domain. The lack of IL-12 R signaling and INF-  g  production represent 
immune defi ciency with extreme susceptibility to  Salmonella  and  Mycobacteria  
infection but not to any other viral, bacterial or fungal pathogens (Mager  2006  ) . It is 
also proposed that  S. typhi  internalization causes subsequent deviation from usual 
endocytic pathway    that leads to lysosomes and reaches to unusual membrane bound 
compartment, where it can survive and replicate. This unique feature of  S. typhi  
leads to its long, persistent infection in humans (Nath et al.  2010  ) .  

    7.3.3    Streptococcus bovis  and Colon Cancer 

  Streptococcus bovis  is a transient fl ora of human gastrointestinal tract (Waisberg 
et al.  2002  ) . The normal human colon is a signifi cant reservoir of  S. bovis  in 2.5–
15% of individuals (Waisberg et al.  2002 ; Burns et al.  1985  ) . It is a non-enterococcal 
 Streptococcus  in Lancefi eld’s group D and cause bacteremia, endocarditis and uri-
nary infection (Waisberg et al.  2002 ; Bayliss et al.  1983  ) . The micro-organism may 
penetrate into the blood stream through epithelial, oropharyngeal, dermal, respira-
tory, gastrointestinal or urogenital lesions (Waisberg et al.  2002  ) .  S. bovis  causes 
infectious endocarditis mostly in patients above 60 year of age (Teitz et al.  1995  ) . It 
is found in 7–14% of subacute infectious endocarditis cases (Bisno  1991  ) . 

 In 1951, McCoy and Mason fi rst suggested the relationship between colonic car-
cinoma and infectious endocarditis but the association of  S. bovis  and colorectal 
carcinoma was recognized in 1974 (zur Hausen  2006 ; McCoy and Mason  1951 ; 
Keusch  1974  ) . The incidence of colonic neoplasia associated with  S. bovis  is 
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detected in 18–62% (Waisberg et al.  2002 ; Leport et al.  1987 ; Murray and Roberts 
 1978  ) . In colon cancer patients, faecal carriage of  S. bovis  is increased by about 
fi vefolds (Tjalsma et al.  2006  ) . Colonic neoplasm may arise many years after the 
development of bacteremia or infectious endocarditis (Friedrich et al.  1982  ) . 
Bacterial endocarditis from other  Streptococci  like  S. faecalis, S. equinus, S. san-
guis  and  S. salivarius  are also related to colonic neoplasm (Waisberg et al.  2002  ) . 

  S. bovis  is competed out by the normal gut fl ora in the bowel of the healthy indi-
viduals.  S. bovis  has ability to attach to polyps and early colon cancer sites by the 
bacterial surface proteins that have affi nity for specifi c surface proteins expressed 
by tumour cells (Tjalsma et al.  2006  ) .  S. bovis  fi nds a niche for the survival in the 
bowel and can cause local tumour associated infection. This infection with  S. bovis  
might promote tumour development by stimulating the cycloxygenase-2 pathway 
including hyperproliferation, invasion and angiogenesis where as apoptosis is inhib-
ited (Tjalsma et al.  2006 ; Biarc et al.  2004 ; Wendum et al.  2004  ) .  S. bovis  enters the 
portal circulation through bacterial translocation and causes hepatic dysfunction 
which modifi ed the hepatic secretion of bile salts and production of immunoglobu-
lins. The studies have shown presence of hepatic cirrhosis in 11–19% patients 
(Waisberg et al.  2002 ; Bisno  1991  ) . 

 The surface attached histone like protein (HIpA) has been identifi ed from  S. bovis  
that elicit an immune response in several colon cancer patients.  In vitro  studies have 
shown that extra cellular release of HIpA from  Streptococcus pyogenes     was present 
in complexed form with soluble lipoteichoic acid (LTA), the main component of cell 
walls from gram positive bacteria. It is also reported by  in vitro  studies that these 
HIpA-LTA complexes could bind to heparin sulphate proteoglycan on the surfaces 
of human epithelial cells (Stinson et al.  1998  ) . It is also suggested that attachment 
and internalization of  S. bovis  to colon adenocarcinoma cell lines is mediated by 
interactions between epithelial hepavan    sulfate proteoglycans and bacterial heparin 
binding proteins. Thus, it has been speculated that surface (LTA) attached HIpA 
from  S. bovis  has affi nity for surface component expressed by colon tumour cells 
(Tjalsma et al.  2006  ) . 

 The active role of  S. bovis  in the promotion of colonic carcinogenesis is further 
strengthen by studies on animal models. When adult rats treated with azoxymethane 
for 2 weeks and subsequently received either injection of  S. bovis  bacteria or wall 
extracted antigens twice weekly. The researchers observed progression of preneo-
plastic lesions, enhanced expression of proliferative markers and increased produc-
tion of interleukin-8 in the colonic mucosa (Ellmerich et al.  2000  ) . The same group 
of researchers used a partially purifi ed  S. bovis  S 300 fraction representing 12 dif-
ferent proteins and triggered the synthesis of proinfl ammatory proteins (IL-8 and 
prostaglandin E2) in human colon carcinoma cells (Caco-2) and in rat colonic 
mucosa and correlated with  in vitro  over expression of COX-2 (Biarc et al.  2004  ) . 
The IL-8 and other cytokines lead to the formation of nitric oxide and free radicals 
such as superoxide, peroxynitrites, hydroxyl radicals as well as alkyl peroxy radi-
cals which are mutagenic and contribute to the neoplastic process by the cellular 
DNA modifi cation. The mechanism of development of colonic carcinoma is sus-
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pected similar to gastric carcinoma after persistent  Helicobacter pylori  infections 
(Fox et al.  2006  ) . The high intake of red meat has also been defi ned as risk factor for 
the colon cancer.  S. bovis  is one of the contaminants frequently detected in 
commercially available meat (Knudtson and Hartman  1993  ) . 

  S. bovis  endocarditis is considered as a clinical indication by several authors for 
colonoscopy since majority of these patients present with either colon carcinoma or 
polyps. In the presence of carcinoma of colon, the relative risk of developing  S. bovis  
linked endocarditis is in range of 3–6% (Vogelmann and Amieva  2007  ) . Whereas, 
65–70% of patients with  S. bovis  endocarditis simultaneously revealed malignancy 
of gastrointestinal tract was not previously diagnosed (Grinberg et al.  1990  ) . In 
addition, patients with history of  S. bovis  endocarditis with no colonoscopic abnor-
malities at that time may develop colon tumours 2–4 year later (Waisberg et al. 
 2002 ; Bisno  1991  ) .  S. bovis  septicemia and / or endocarditis is also related to the 
presence of villous or tubular villous adenoma in the large intestine (Waisberg et al. 
 2002 ; Cutait et al.  1988  ) . In a case control study comparing patients with  S. bovis  
endocarditis who underwent colonoscopy with sex and age matched unaffected 
patients showed colonic adenomatous polyps in twice as many cases as control (15 
of 32 vs 15 of 64) and colorectal cancer approximately 3 times (3 of 32 vs 2 of 64) 
(Hoen et al.  1994  ) . In spite of these fi ndings, colon evaluation is not performed 
routinely in most centers because of co-morbidities, advanced age or infection out-
side the gastrointestinal tract (Gold et al.  2004  ) .  S. bovis  group of bacteria has been 
recently reclassifi ed based on DNA-DNA hybridization and phylogenetic analyses 
of 16S rRNA sequences (Schlegel et al.  2003  ) . The biotypes I and II.2 in this clas-
sifi cation were renamed as  S. gallolyticus.  The  S. gallolyticus  subsp.  gallolyticus  is 
the new name of  S. bovis  biotype-I has been more commonly associated with occult 
cancer (Ruoff et al.  1989  ) . Thus the need for endoscopic screening is strongly rec-
ommended in this group of patients.  

    7.3.4    Chlamydia pneumoniae  and Lung Cancer 

 Lung cancer is the most common cancer world wide with 1.35 million incident 
cases annually (Chaturvedi et al.  2010 ; Alberg et al.  2005  ) . Cigarette smoking is the 
major risk factor for lung cancer but the chronic pulmonary infection from  Chlamydia 
pneumoniae  is also implicated in lung carcinogenesis (Chaturvedi et al.  2010 ; 
Alberg et al.  2005  ) . The association of  C. pneumoniae  infection with lung cancer 
risk has been variable with relative risk estimates ranges from 0.7 to 9.0 among 
seropositive individuals (Chaturvedi et al.  2010  ) . 

  Chlamydophila  (formerly  Chlamydia )  pneumoniae  is a gram negative bacillus 
and intracellular parasite that causes respiratory infection in more than 50% adults 
(Mager  2006  ) . The route of transmission is usually aerosol and in most of these 
infections is usually mild. This bacteria cause infections like pneumonia, bronchitis, 
sinusitis, rhinitis and chronic obstructive pulmonary disease (Hahn et al.  2002  ) . 
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The respiratory infections form  C. pneumoniae  vary in different countries and 
 populations, as it is endemic in United State and epidemic in Scandinavian countries 
(Kocazeybeck  2003  ) . After acute infection with  C. pneumoniae , metabolically inert 
atypical “persistent” inclusions are developed. These inclusions contain increased 
quantities of  Chlamydia  heat shock protein 60, which is a highly immunogenic 
protein implicated in the pathogenesis of chronic  Chlamydia  infections (Chaturvedi 
et al.  2010  ) . The various researchers have suggested that persistent  C. pneumoniae  
infl ammation correlates with increased risk of lung cancer (Chaturvedi et al.  2010 ; 
Mager  2006  ) . 

 The prospective and retrospective studies have reported 50–100% increased risks 
of lung cancer among those with elevated IgA antibody titers to  C. pneumoniae  
(Mager  2006 ; Kocazeybeck  2003  ) . Chronic infl ammation and its sequelae may be 
part of the causal pathway (Litman et al.  2004  ) . However, the exact mechanism is 
not known. It is accepted that agents that cause chronic infl ammation may cause 
prolonged irritation, resulting in cell death and increased mitotic activity (Litman 
et al  2004  ) . The subsequent cell division that occurs during repair of the damaged 
tissue may increase the risk of cancer at the affected site. The infection with  C. 
pneumoniae  stimulates the release of infl ammatory mediators such as TNF- a , IL- b  
and IL-8 which may cause genetic damage (Gaydos  2000  ) . Interleukin-8 also acts 
as a promoter of tumour growth for human non small cell lung carcinoma through 
its angiogenic properties.  C. pneumoniae  can impair or even block apoptosis of 
infected cells by induction of interleukin-10, resulting in chronic infection and 
increased risk of malignant transformation (Fan et al.  1998 ; Geng et al.  2000  ) . 

 The infection with  C. pneumoniae  also acts synergistically with cigarette smok-
ing to increase the risk of lung cancer (Litman et al.  2005  ) . Smoking impairs lung 
immunity and increases secretion of interleukin-4 (IL-4). IL-4 production is associ-
ated with predominantly humoral (Th-2) T-helper cell response, which is ineffective 
at clearing infection. This predisposes for  C. pneumoniae  to localize more easily in 
the lung of smokers. The activated monocyte produces and secretes superoxide oxy-
gen radicals, tumour necrosis factor, IL-1 b  and IL-8. These mediator of infl amma-
tion causes lung tissue and DNA damage results in carcinogenesis (Koyi et al.  1999  ) . 
Chaturvedi et al.  (  2010  )  showed that Chlamydial heat shock protein-60 (CHSP-60) 
is consistently expressed by  C. pneumoniae  during chronic infection. They also 
found that lung cancer risk increased with elevated titers suggest that chronic infl am-
mation from  C. pneumoniae  infection acts to promote lung cancer development. 

 Kocazeybeck  (  2003  )  examined chronic  C. pneumoniae  infection in 123 patients 
of lung carcinoma in which 70 had small cell, 28 squamous cell, 7 large cell carci-
noma and 18 had adenocarcinoma. The elevations in antibody titers were found in 
total of 62 (50.4%) cases, 54% of the male patients and 36% of female patients. 
Chronic  C. pneumoniae  infection were seen statically more often in male patients 
with carcinoma who were age 55 years or younger than control ( P  < 0.001).Although 
no difference was reported between male patients with lung carcinoma over age 55 
and controls in blood titre between female patients and controls. The epidemiologi-
cal study by Litman et al.  (  2004  )  also showed that persons with serologic evidence 
of past infection with  C. pneumoniae  had higher risk of lung cancer than controls.   
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    7.4   Conclusion 

 The infection is implicated as an important cause of malignancy. The recent research 
on  H. pylori  and gastric cancer,  Salmonella typhi  and carcinoma gallbladder 
explained possible strategies of bacteria in carcinogenesis. The chronic infl amma-
tion, bacterial toxin and free radical are the key components. The other mechanisms 
like epigenetic alteration, immune modulation are also been widely implicated. The 
role of host genetic factor has also been evolved since last decade in determining the 
susceptibility and persistence of the bacterial infection. The exact mechanism of 
bacteria induced carcinogenesis is complex and involves interplay between the bac-
terial products, chronic infl ammation affecting cell signaling, cell biology and stem 
cell homeostasis. The future research may uncover the other possible interactions 
between bacteria and cellular mechanism associated with cancer.      
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  Abstract   In the wake of growing global burden of cancer, newer cancer prevention 
and control modalities are being explored. One such novel experimental strategy is 
the implication of natural and genetically modifi ed non-pathogenic bacterial species 
as potential antitumor agents. This therapy is based on the fact that live, attenuated 
or genetically modifi ed non-pathogenic bacterial species are capable of multiplying 
selectively in tumours and inhibiting their growth. Moreover due to their selectivity 
for tumour tissues, these bacteria and their spores also serve as ideal vectors for delivering 
therapeutic proteins to tumours. Bacterial toxins too have been explored for their 
anti-cancer potential. Although the oncolytic potential of bacteria was recognized 
several hundred years back yet the bacterial therapy failed to establish because of 
certain drawbacks associated with it like toxicity, lack of specifi city and inconve-
nient administration of bacteria. However the emergence of gene therapy and 
recombinant DNA technology has revived the interest in bacterial therapy and a 
variety of applications employing bacteria have been investigated. Out of these, the 
most potential and promising strategies are bacteria based gene-directed enzyme 
prodrug therapy, anaerobic bacteria vector-mediated cancer therapy and immuno-
therapy. These therapies have demonstrated signifi cant effi cacy in preclinical studies 
and some are currently under clinical investigation.  
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  Abbreviations  

  5FC    5-fl uorocytosine   
  5FU    5-fl uorouracil   
  ALL    Acute lymphoblastic leukaemia   
  AMP    Adenosine monophosphate   
  BCG    Bacillus Calmette-Guerin   
  BoNT    Botulinum neurotoxin   
  BR96 sFv-PE40     Single-chain immunotoxin. SGN-10 is composed of the fused 

gene products encoding the translocating and ADP-ribosylating 
domains of Pseudomonas exotoxin (PE40) and the variable 
heavy (V(H)) and variable light (V(L)) regions of BR96 mono-
clonal antibody   

  CD    Cytosine deaminase   
  CDTs    Cytolethal distending toxins   
  Cif    Cycle inhibiting factor   
  CMV    Cytomegalovirus   
  CNF    Cytotoxic necrotizing factor   
  COBALT    Combination bacteriolytic therapy   
  CPE     Clostridium perfringens  enterotoxin   
  CPE-R    CPE receptor   
  CPG2    Carboxypeptidase G2   
  DCA    Dichloroacetate   
  DNA    Deoxyribonucleic acid   
  DT    Diphtheria toxin   
  EF2    Elongation factor-2   
  EGF    Epidermal growth factor   
  EHEC    Enterohaemorrhagic  E. coli    
  EPEC    Enteropathogenic  E. coli    
  erb-38    A recombinant immunotoxin that targets the erbB2 receptor   
  G-CSF    Granulocyte colony stimulating factor   
  HA22     (CAT-8015) is an immunotoxin composed of an anti-CD22 

variable fragment linked to a 38 kDa truncated protein derived 
from Pseudomonas exotoxin A.   

  HAMLET    Human alpha-lactalbumin made lethal to tumour cells   
  HB-EGF    Heparin-binding epidermal growth factor like growth factor   
  hGM-CSF    Human granulocyte-macrophage-colony stimulating factor   
  hIL-12    Human interleukin-12   
  HSVTK    Herpes simplex virus thymidine kinase   
  IL13-PE38QQR    Cintredekin besudotox   
  IL-3    Interleukin-3   
  IL-4    Interleukin-4   
  IL-4-PE38KDEL     A chimeric protein composed of circularly permuted IL-4 and 

a truncated form of Pseudomonas exotoxin (PE), into recurrent 
malignant high-grade gliomas   
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  IL4-P     Aeruginosa exotoxin (IL4-PE NBI-3001), tumour growth 
factor (TGF) alpha- P. aeruginosa  exotoxin (TP-38), IL13-P. 
aeruginosa exotoxin (IL13-PE38), and transferrin- C. diph-
theriae  toxin (TransMID(trade mark), Tf-CRM107   

  IL4-PE    Interleukin-4-Pseudomonas exotoxin   
  LMB-1     Is composed of monoclonal antibody B3 chemically 

linked to PE38 a genetically engineered form of 
Pseudomonas exotoxin   

  LMB-2    CD25-directed immunotoxin   
  LMB-2    Recombinant immunotoxin anti-Tac(Fv)-PE38   
  Mab    Monoclonal antibody   
  mGM-CSF    granulocyte-macrophage-colony stimulating factor   
  mIL-12    Murine interleukin 12   
  NBI-3001    IL-4 Pseudomonas exotoxin protein   
  NR    Nitroreductase   
  OVB3-PE     An immunotoxin composed of a murine monoclonal 

antibody reactive with human ovarian cancer and conju-
gated to Pseudomonas exotoxin (PE)   

  PE38     Is a 38-kDa derivative of the 66-kDa Pseudomonas exo-
toxin (PE)   

  TAPET    Tumour Amplifi ed Protein Expression Therapy   
  TAPET-CD, VNP20029     VNP20029genetically modifi ed  Salmonella typhimu-

rium  expressing cytosine deaminase   
  Tf    Transferrin   
  Tf-CRM 107      Transferrin-DT conjugate   
  TGF- a     Transforming growth factor α   
  TNF- a     Tumour necrosis factor  a    
  TP-38     A recombinant chimeric targeted toxin composed of the 

EGFR binding ligand TGF-alpha and a genetically engi-
neered form of the Pseudomonas exotoxin PE-38   

  TP40     Transforming growth factor alpha-Pseudomonas 
exotoxin-40   

  VEGF    Vascular endothelial growth factor          

    8.1   Introduction 

 Cancer is a disease characterized by unrestricted and incursive multiplication of 
cells which may metastasize to other parts of the body. Despite the relentless incor-
poration of newer drugs and therapies into the oncological armamentarium, cancer 
remains a leading cause of morbidity and mortality throughout the world. Currently 
a wide range of conventional anticancer therapies are available which include surgical 
resection, radiotherapy and chemotherapy. But their ineffi cacy for about half of the 
cancer suffering population has ushered the development of alternative approaches. 
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Moreover, systemic toxicity arising from the non-specifi city of most of anticancer 
therapies ushers the need to focus on alternative approaches with targeted therapeutics 
specifi c to cancer cells. Certain new medical therapies intending or claiming to treat 
cancer by improving, supplementing or replacing conventional methods are classifi ed 
under the term  Experimental cancer treatment  which includes photodynamic 
therapy, HAMLET (human alpha-lactalbumin made lethal to tumour cells), gene ther-
apy, telomerase therapy, hyperthermia therapy, dichloroacetate (DCA), noninvasive 
RF cancer treatment, complementary and alternative therapy, diet therapy, insulin 
potentiating therapy and bacterial treatment (Jain  2001  ) . The role of bacteria in 
cancer is quite uncertain. Several scientifi c fi ndings have indicated an association of 
certain species of bacteria with carcinogenesis. However many other studies have 
reported that some bacterial species display selective replication in tumour cells or 
preferential accumulation in the tumour microenvironment thus offering a great 
potential for cancer therapy. Furthermore certain characteristics of bacteria like 
motility, capacity to both carry and express multiple therapeutic proteins as well as 
eradication by antibiotics project them as a novel and promising strategy for cancer 
therapy (Nauts et al.  1953  ) .  

    8.2   Historical Background 

 Bacteria were recognized as tumour regressor agents almost 100 years back. Busch 
and Fehleisen, two German physicians had independently observed that accidental 
erysipelas ( Streptococcus pyogenes ) infections occurring in hospitalized patients 
regressed certain types of cancers (Nauts  1980  ) . An American physician, William 
Coley pioneered the use of bacteria and their toxins to treat end stage cancers after 
observing that a patient suffering from neck cancer began to recover following an 
infection with erysipelas. He developed a safer vaccine composed of two killed 
bacterial species,  Streptococcus pyogenes  and  Serratia marcescens  to simulate an 
infection with the accompanying fever without the risk of an actual infection 
(Richardson et al.  1999 ; Zacharski and Sukhatme  2005  ) . This vaccine was widely 
used to successfully treat sarcomas, carcinomas, lymphomas, melanomas and 
myelomas (Hoption Cann et al.  2003  ) .  Coley’s toxins  composed of toxic bacterial 
derivatives too exhibited potential anticancer activity during initial stages (Nauts 
and McLaren  1990  ) .  

    8.3   Bacteria as Cancer Therapy 

 Later on other scientifi c discoveries reported that certain species of anaerobic 
bacteria, such as those belonging to the genus  Clostridium  can only survive and 
consume oxygen poor cancerous tissue while they die within the tumour’s oxy-
genated sides, indicating their safety and specifi city (Malmgren and Flanigan 



1898 Bacteria as a Therapeutic Approach in Cancer Therapy

 1955  ) . All these observations provided the grounds for exploiting the bacteria as 
oncolytic agents. But as the bacteria alone do not completely consume the malig-
nant tissue, they were tested in combination with chemotherapeutic treatments. 
Therefore bacteria can be implied as sensitizing agents for chemotherapy. 
Bacterial products like endotoxins (lipopolysaccharides) too have been tested for 
cancer treatment. Similarly bacterial toxins were employed as cancer vaccines 
(Carswell et al.  1975  ) . Bacteria have been employed as delivery agents and vec-
tors for anticancer drugs and gene therapy respectively. Spores of anaerobic bac-
teria can be used instead of bacteria because only spores that reach an oxygen 
starved area of a tumour will germinate, multiply and become active. Currently 
genetically modifi ed bacteria and bacterial gene-directed enzyme prodrug ther-
apy are considered promising because of their selective destruction of tumours. 
The overall bacterial approach is summarized in Fig.  8.1  and hypothesized mech-
anism in cancer therapy in Fig.  8.2 .   

    8.3.1   Whole Bacteria 

 Live, attenuated or genetically modifi ed, non-pathogenic bacteria have been 
employed as potential antitumour agents, either as direct tumoricidal agents or as 
carriers of tumoricidal molecules. Live bacteria in the form of probiotics have 
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  Fig. 8.1    Schematic representation of different functions of bacteria in cancer therapy       
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been studied for the anticancer effect in the fi eld of colorectal, breast and bladder 
cancer. The mounting evidence has suggested the ability of probiotic strains to 
prevent colorectal cancer. Although the anti-cancer effects of probiotics are quite 
evident from animal studies yet there is a lack of evidence from human studies. 
These probiotics usually refer to highly selected lactic acid bacteria; for example, 
 Lactobacillus sp. ,  Bifi dobacterium sp.  and  Streptococcus sp.   Lactobacillus sp . 
which are considerably safe have been reported to inhibit colon cancer. Data col-
lected from some epidemiological studies have indicated that consumption of 
large quantities of fermented milk products containing  Lactobacillus  or 
 Bifi dobacteria  are associated with a lower incidence of colon cancer while others 
have reported negligible or no effect at all (Liong  2008 ; Rafter  2004  ) . Studies 
have indicated that oral consumption of  Lactobacillus casei strain Shirota  can 
reduce bladder cancer recurrence. Recently a study has reported that  L. rhamno-
sus GG  (LGG), a probitoic originally isolated from the human gut, induces tumour 
regression in mice bearing orthotopic bladder tumours and has the potential to 
replace BCG immunotherapy for the treatment of bladder cancer (Seow et al. 
 2010  ) . Furthermore, a clinical trial has concluded that synbiotic intervention com-
posed of the prebiotic-oligofructose-enriched inulin (SYN1) and probiotics- 
 Bifi dobacterium lactis  Bb12 (BB12) reduced cancer risk factors in polypectomized 
and colon cancer patients (Roller et al.  2007  ) . 

 Similarly some live anaerobic bacteria have been employed in the cancer therapy 
based on their ability to proliferate preferentially within necrotic (anaerobic) regions 
of tumours as compared to normal tissues. As evident from experimental studies, 
certain pathogenic species of the anaerobic  Clostridia  resulted in tumour regression 
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  Fig. 8.2    Hypothesized mechanism of anaerobic bacteria in cancer therapy       
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but was accompanied by acute toxicity which caused illness or death in most of the 
animals (Malmgren and Flanigan  1955 ; Minton  2003  ) . Therefore, a nonpathogenic 
strain of  Clostridium  such as ‘M55’ was tested which despite colonizing the anaero-
bic parts of the tumour failed to cause signifi cant tumour regression (Carey et al. 
 1967  ) . Several other anaerobic bacteria-species like  Bifi dobacteria ,  Lactobacilli  
and pathogenic  Clostridia  have been screened for their ability to accumulate in 
experimental tumours in animals.  Clostridium novyi  demonstrated signifi cant anti-
tumour effects, but again culminated in death. 

  C. novyi-NT,  an attenuated strain obtained after deletion of a lethal toxin encod-
ing gene has exhibited good results and produced toxicity too. Thus,  C. novyi-NT  
spores have been administered in combination with conventional chemotherapeu-
tic agents like dolastatin-10, mitomycin C, vinorelbine and docetaxel. This 
approach is known as  combination bacteriolytic therapy  (COBALT). But despite 
signifi cant antitumor effi cacy, this strategy was not devoid of animal deaths (Dang 
et al.  2001  ) .  C. novyi  has also been investigated in conjunction with radiotherapy, 
radioimmunotherapy, and chemotherapy in experimental tumour models 
(Bettegowda et al.  2003 ; Wei et al.  2007  ) . The results have demonstrated the poten-
tial of combined multi-modality approaches as developmental future cancer thera-
pies.  C. novyi-NT  has been exploited to enhance the release of liposome encapsulated 
drugs within tumours because of its evident membrane-disrupting potential. The 
bacterial factor responsible for the enhanced drug release has been identifi ed as 
liposomase. Remarkable eradication of the tumours in mice bearing large, estab-
lished tumours by employing  C. novyi-NT  plus a single dose of liposomal doxoru-
bicin has led to further studies in the fi eld (Cheong et al.  2006  ) . To enhance the 
accessibility of the drugs in the poorly vascularized regions of tumours,  C. novyi-
NT  was used in combination with anti-microtubule agents. It has demonstrated that 
the microtubule destabilizers such as HTI-286 and vinorelbine, but not the micro-
tubule stabilizers such as the taxanes, docetaxel and MAC-321, radically reduced 
blood fl ow to tumours thereby enlarging the hypoxic region favourable for spores 
germination (Dang et al.  2004  ) . 

 VNP20009, a derivative strain of  Salmonella typhimurium,  was obtained through 
deletion of two of its genes –  msbB  and  purI –  which resulted in its complete attenu-
ation (by preventing toxic shock in animal hosts) and dependence on external 
sources of purine for survival. Due to this dependence bacteria can selectively grow 
in tumorous tissue where purine is abundant and are unable to replicate in normal 
tissue such as the liver or spleen. This approach has showed long-lasting effi cacy 
against a broad range of experimental tumours and was even able to target meta-
static lesions (Low et al.  1999 ; Luo et al.  1999  ) . The advantage of using  Salmonella  
over  Clostridium  or  Bifi dobacterium  is its ability to grow in both aerobic and anaer-
obic conditions, indicating its usefulness against small tumours. VNP20009 has 
been investigated successfully in Phase I clinical trials in cancer patients. Other live, 
attenuated bacteria, such as  Clostridia  and  Bifi dobacterium , may be evaluated in 
human clinical trials in the future. Furthermore  Salmonella choleraesuis ,  Vibrio 
cholerae ,  Listeria monocytogenes  and even  Escherichia coli  are being screened for 
anticancer potential (Bermudes et al.  2002  ) .  
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    8.3.2   Bacterial Derivatives/Products 

 As discussed above, live or attenuated bacteria have narrow spectrum of applications 
because they are often associated with toxicity or side-effects and in many cases 
invoke immune response. This shifts the focus on the use of bacterial derivatives or 
products instead of whole bacteria. Various antibiotics obtained from bacteria have 
shown prominent antitumor activity. They intercalate between DNA strands and 
interfere with its template function. Amongst these the important ones belong to 
anthracyclins, bleomycin, actinomycin, mitomycin and aureolic acid families. 
Anthracyclines (anthracycline antibiotics) are derived from  Streptomyces  bacteria 
(more specifi cally,  Streptomyces peucetius var. caesius ) and are used to treat a wide 
range of cancers, including leukemias, lymphomas, breast, uterine, ovarian and lung 
cancers. Bleomycin, a glycopeptide antibiotic produced by the bacterium 
 Streptomyces verticillus  is used as an anti-cancer agent. It is used in the treatment of 
Hodgkin lymphoma, squamous cell carcinomas, and testicular cancer (Takimoto 
and Calvo  2008  ) . Similarly, the actinomycins are a class of polypeptide antibiotics 
isolated from soil bacteria of the genus  Streptomyces , of which the most signifi cant 
is actinomycin D. It was the fi rst antibiotic isolated by  Selman Waksman . Actinomycin 
D, marketed under the trade name Dactinomycin, is one of the older chemotherapy 
drugs, and has been used in therapy for many years. It is commonly used in treat-
ment of a variety of cancers including gestational trophoblastic neoplasia, Wilms’ 
tumour and rhabdomyosarcoma (Turan et al.  2006 ; Abd El-Aal et al.  2005 ; Khatua 
et al.  2004  ) . The mitomycins are a family of aziridine-containing natural products 
isolated from  Streptomyces caespitosus  or  Streptomyces lavendulae.  Mitomycin C, 
is used as a chemotherapeutic agent due to its antitumor antibiotic activity. It is 
employed to treat upper gastro-intestinal (e.g. esophageal carcinoma), anal cancers, 
and breast cancers, as well as by bladder instillation for superfi cial bladder tumours 
(Renault et al.  1981  ) . Kinamycins, a group of bacterial polyketide secondary metab-
olites containing a diazo group are known for their cytotoxicity and are considered 
of interest for potential use in anti-cancer therapies (Ballard and Melander  2008  ) . 

 Several other bacterial products like lipopolysaccharides (LPS), lipotechoic acid, 
peptidoglycans and epothilones have been reported to possess anti-cancer activity. 
Some detoxifi ed bacterial LPS preparations with or without additional components 
have shown varying anti-tumour effi cacy (Ribi et al.  1975  ) . The anti-tumour effect 
of bacterial lipid A has been demonstrated in both animals and clinical trials (Reisser 
et al.  2002  ) . Similarly lipotechoic acid obtained from  Streptococcus pyogenes  and 
 Enterococcus faecalis  has shown tumour protective effect both alone as well as in 
combination with peptidoglycan of  Moraxella catarrhalis  and LPS from  E. coli  
(Keller et al.  1995  ) . A new class of non-taxane cancer drugs is epothilones, which 
are also known as  microtubule depolymerization inhibitors  as they prevent cancer 
cells from dividing by interfering with tubulin. Basically these epothilones are 
secondary metabolites produced by the myxobacterium  Sorangium cellulosum . Till 
now, epothilones A to F have been identifi ed and characterised (Julien and Shah 
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 2002  ) . Early studies in cancer cell lines and in human cancer patients have suggested 
superior effi cacy to the taxanes. Although both have similar mechanism of action 
yet because of their simpler chemical structure, better water solubility and better 
ability to inhibit the growth of tumour cells over-expressing the P-glycoprotein (a 
factor responsible for drug resistance in many tumours), epothilones are preferable 
than taxol. Several epothilone analogs are currently undergoing clinical develop-
ment for treatment of various cancers. One analog, ixabepilone, was approved in 
October 2007 by the United States Food and Drug Administration for use in the 
treatment of aggressive metastatic or locally advanced breast cancer no longer 
responding to currently available chemotherapies. Ixabepilone and patupilone, have 
shown signifi cant activity in men with castration-resistant prostate cancer (CRPC) 
in clinical studies. A randomized multicenter phase II trial of patupilone (at two 
different doses, 8 mg/m 2  or 10 mg/m 2  given every 3 weeks) vs. docetaxel in CRPC 
is currently underway (Prakash and Winston  2010  ) . Azurin, a copper-containing 
oxido-reductase obtained from  Pseudomonas aeruginosa  has shown anti-cancer 
activity both  in vitro  and  in vivo  in a nude mouse model. Recently it has been 
reported that azurin induces apoptosis in the human breast cancer cell line MCF-7 
(Punj et al.  2004  ) .  

    8.3.3   Bacterial Toxins 

 Bacterial toxins have already been tested as cancer therapy. Bacterial toxins directly 
kill cells or alter cellular processes which control proliferation, apoptosis and dif-
ferentiation. Therefore alterations in any of these processes may either stimulate 
cellular aberrations or inhibit normal cell controls thereby leading to carcinogen-
esis. Cell cycle inhibitors, such as cytolethal distending toxins (CDTs) and the 
cycle inhibiting factor (Cif), block mitosis and are thought to compromise the 
immune system by inhibiting clonal expansion of lymphocytes. In contrast, cell 
cycle stimulators such as the cytotoxic necrotizing factor (CNF) promote cellular 
proliferation and interfere with cell differentiation (Nougayrede et al.  2005  ) . 
Bacterial toxins that subvert the host eukaryotic cell cycle have been classifi ed as 
cyclomodulins. For example, CNF is a cell cycle stimulator released by certain 
bacteria, such as  E. coli . CNF triggers G 

1
 -S transition and induces DNA replica-

tion. The number of cells does not increase, however. The cells become multinu-
cleated instead, perhaps by the toxin’s ability to inhibit cell differentiation and 
apoptosis (Oswald et al.  1994 ; Fiorentini et al.  1998  ) . CDTs are found in several 
species of gram-negative bacteria, including  Campylobacter jejuni  and  S. typhi  
while Cif is found in enteropathogenic (EPEC) and enterohaemorrhagic (EHEC) 
 E. coli . The anti-tumour effect of toxins is probably with reduced side effects com-
pared to traditional tumour treatment. Bacterial toxins  per se  or when combined 
with anti-cancer drugs or irradiation could therefore possibly increase the effi cacy 
of cancer treatment (Carswell et al.  1975  ) . 
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    8.3.3.1   Bacterial Toxins Binding to Tumour Surface Antigens 

 Certain bacterial toxins act by binding to antigens present on tumour surface. 
Diphtheria toxin (DT) binds to the surface of cells expressing the heparin-binding 
epidermal growth factor like growth factor (HB-EGF) precursor. DT-HB-EGF complex 
is internalized after endocytosis via clathrin-vesicles. Subsequently DT undergoes 
several post-translational modifi cations resulting in a catalytically active toxin, 
called DT fragment A. This catalytically ribosylates elongation factor-2 (EF-2) 
leading to inhibition of protein synthesis with subsequent cell lysis and/or induction 
of apoptosis (Louie et al.  1997 ; Frankel et al.  2002 ; Lanzerin et al.  1996 ; Falnes 
et al.  2000  ) . Like DT,  Pseudomonas  exotoxin A is also known to catalytically 
ribosylate EF-2 and thus leading to inhibition of protein synthesis. Extremely high 
cytotoxicity of this toxin with a lethal dose of 0.3  m g after i.v., injection in mice 
makes it a potential candidate for targeted cancer therapy (Pastan  1997  ) . 
 Clostridium perfringens  type A strain, the causative agent of gastroenteritis, pro-
duces  Clostridium perfringens  enterotoxin (CPE). The C-terminal domain of CPE 
is responsible for high affi nity binding to the CPE receptor (CPE-R) and the 
N-terminal is assumed to be essential for cytotoxicity (Kokai Kun and Mcclane 
 1997 ; Kokai Kun et al.  1999  ) . Studies have shown that purifi ed CPE exerts an acute 
cytotoxic effect on pancreatic cancer cells and led to tumour necrosis and inhibition 
of tumour growth  in vivo . It is being investigated for colon, breast and gastric can-
cers. Moreover, before evaluating CPE for systemic cancer therapy, its long term 
effi ciency and lack of toxicity  in vivo  need to be demonstrated (Michl et al.  2001 ; 
Hough et al.  2000 ; Kominsky et al.  2004  ) . A recent study has demonstrated for the 
fi rst time that botulinum neurotoxin (BoNT) briefl y opens tumour vessels, allowing 
more effective destruction of cancer cells by radiotherapy and chemotherapy. It has 
been proposed that BoNTs act by an effect on the tumour microenvironment rather 
than by a direct cytotoxic effect on tumour cells (Ansiaux and Gallez  2007  ) . Some 
bacterial toxins (alfa-toxin from  Staphylococcus aureus , AC-toxin from  Bordetella 
pertussis , shiga like toxins, and cholera toxin) are presently being studied on two 
cell lines, mesothelioma cells (P31) and small lung cancer cells (U-1690). 
Preliminary results with AC-toxin showed increasing cytotoxicity with increasing 
dose of AC-toxin in both cell lines and the toxin markedly increased apoptosis. 
However, cholera toxin did not induce apoptosis (Nougayrede et al.  2005  ) .  

    8.3.3.2   Bacterial Toxins Conjugated to Ligands 

  Pseudomonas  exotoxin (PE), diphtheria toxin (DT), and ricin are among the most 
potent cell killing agents. To bypass their lethality and maximize the therapeutic 
effi cacy specifi c targeting of these toxins on the surface of cancer cells is highly 
desirable. This is achieved by conjugating the toxins to cell binding proteins such as 
monoclonal antibodies or growth factors thereby avoiding their association to toxin 
receptors. These ligand-conjugated toxins bind and kill cancer cells selectively thus 
sparing normal cells, which do not bind the conjugates. A wide variety of DT ligands 
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such as IL-3, IL-4, granulocyte colony stimulating factor (G-CSF), transferrin (Tf), 
EGF and vascular endothelial growth factor (VEGF) have been studied for targeted 
tumours (Frankel et al.  2002  ) . The transferring-DT conjugate (Tf-CRM 107) and 
DT-EGF have reached the stage of clinical trials in patients of brain tumour and 
metastatic carcinomas respectively (Hagihara et al.  2000  ) . Similarly a large variety 
of antibodies and ligands to surface antigens over expressed in different tumours 
have been conjugated to PE. Important ones tested in clinical trials are IL-4, IL-13, 
monoclonal antibody recognizing a carbohydrate antigen Lewis Y, reacting with 
metastatic adenocarcinoma cells (Mab B3) and transforming growth factor (TGF- a ) 
(Fan et al.  2002  ) . 

 Alternatively genetically modifi ed or recombinant toxins have been produced by 
deleting the DNA coding for the toxin binding region and replacing it with various 
complementary DNA encoding other cell binding proteins. These chimeric toxins 
may be useful in designing future toxin-based anticancer therapies. For targeted DT 
therapy, deletions within the DT-receptor binding domain (amino acid residues 390–
535) or targeted mutations of the critical HB-EGF precursor binding loop (amino 
acid residues 510–530) have been used (Frankel et al.  2002 ; Greenfi eld et al.  1987  ) . 
Recently, a recombinant interleukin-4- Pseudomonas  exotoxin (IL4-PE) for therapy 
of glioblastoma has been developed.  In vivo  experiments with nude mice have dem-
onstrated that IL4-PE has signifi cant antitumor activity against human glioblastoma 
tumour model. Intratumor administration of IL4-PE is being investigated for the 
treatment of malignant astrocytoma in a phase I clinical trial (Puri  1999  ) .   

    8.3.4   Bacterial Spores 

 Spores act as a resting or dormant stage in the bacterial life cycle which preserves 
the bacterium through periods of unfavorable conditions. Of all the anaerobic bac-
teria discussed above, almost all of them form highly resistant spores which allow 
them to survive in oxygen rich conditions. Under favorable conditions, such as the 
dead areas inside tumours, the spores germinate and the bacteria thrive, thereby mak-
ing them ideal to target cancers. Spores of  C. novyi-NT  have shown targeted action 
without any systemic side-effects. Intratumoral injection of  C. histolyticum  spores 
as well as intravenous administration of  C. sporogenes  spores resulted in marked 
lysis of tumour tissues in mice. Pharmacologic and toxicological evaluation of 
 C. novyi-NT  spores reported that spores were rapidly cleared from the circulation by 
the reticuloendothelial system. Moreover it was observed that  Clostridium  was 
detected only in tumours and not in normal tissues of mice receiving an intravenous 
injection of bacteria (Thiele et al.  1963  ) . Even after the administration of large 
doses, no clinical toxicity was observed in healthy mice or rabbits. However like in 
case of any bacterial infection, in tumour bearing mice, toxicity appeared related to 
tumour size and spore dose (Diaz et al.  2005  ) . Furthermore, bacterial spores are 
being tested as delivery agents for anticancer agents, cytotoxic peptides, thera-
peutic proteins, and as vectors for gene therapy.  
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    8.3.5   Bacteria as Vector for Gene Therapy 

 Gene therapy is being explored for cancer treatment but the basic obstacle in cancer 
gene therapy is the specifi c targeting of therapy directly to a solid tumour. On the 
other hand, the major problem with using bacteria as anti-cancer agents is toxicity 
(at the dose required for therapeutic effi cacy) and reducing the dose results in dimin-
ished effi cacy. Therefore an alternative approach to overcome these limitations is 
the use of genetically engineered bacteria which can express a specifi c therapeutic 
gene. These bacterial vectors can provide a powerful adjuvant therapy to various 
cancer treatments as the protein of interest will be produced specifi cally in the 
tumour micro-environment. Thus, bacteria serve as vectors or vehicles for delivering 
anti-cancer agents, cytotoxic peptides, therapeutic proteins or prodrug converting 
enzymes to solid tumours. 

    8.3.5.1   Bacteria as Carriers of Tumoricidal Agents 

 Attenuated form of  S .  typhimurium  is preferred to deliver cytokines locally to liver, 
with an effect on hepatic metastases as it naturally colonizes in liver. A genetically 
engineered strain of  S .  typhimurium , ×4550 has been developed which is cya/crp 
mutant (genes encoding proteins involved in the regulation of cyclic AMP levels) 
and expresses interleukin-2 for the treatment of liver cancer in preclinical models 
(Saltzman et al.  1996 ;  1997  ) . hIL-12, hGM-CSF, mIL-12 and mGM-CSF have been 
cloned under the control of a cytomegalovirus (CMV) promoter, into SL3261, an 
auxotrophic  S. typhimurium . It has been reported that oral administration of 
 Salmonella  expressing mGM-CSF or mGM-CSF plus mIL-12 caused tumour 
regression in mice bearing Lewis lung carcinomas (Yuhua et al.  2001  ) . Other thera-
peutic proteins like TNF- a  and platelet factor 4 fragment too have been cloned and 
expressed in VNP20009 (Lin et al.  1999 ; Karsten et al.  2001  ) . Similarly, functional 
TNF- a  has been cloned and expressed in  C. acetobutylicum . Recently  Bifi dobacterium 
adolescentis  has been used as a delivery system for the anti-angiogenic protein 
endostatin. Studies have reported a strong inhibition of angiogenesis and reduction 
in tumour growth after systemic administration of its spores via tail vein of tumour 
bearing mice (Li et al.  2003  ) .  

    8.3.5.2   Bacterially Directed Enzyme Prodrug Therapy 

 Another lucrative approach to overcome the unacceptable side effects of bacterial 
therapy is the tumour selective activation of prodrugs. This strategy uses anaero-
bic bacteria that have been transformed with an enzyme that can convert a non-
toxic prodrug into a toxic drug. In addition, as the bacteria proliferate in the 
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necrotic and hypoxic areas of the tumour, the enzyme is expressed selectively in 
the tumour. Therefore the systemically administered prodrug gets metabolized to 
the toxic drug only in the tumour (Mengesha and Dubois  2009  ) . For signifi cant 
effi cacy, both the prodrug and the activated drug must be able to cross biological 
membranes, because the prodrug will be activated within bacterial cells and the 
active drug will then need to enter the tumour cells. Several enzyme/prodrug sys-
tems are available. Cytosine deaminase (CD), which converts 5-fl uorocytosine 
(5FC) to 5-fl uorouracil (5FU), and nitroreductase (NR), which converts the prod-
rug CB1954 to a DNA cross-linking agent, have been tested with  Clostridium 
sporogenes . Although these combinations can kill tumour cells  in vitro  and deliver 
high concentrations of enzymes to model tumours, to date, the results  in vivo  have 
been disappointing. Similarly, CD expressed in  Clostridium acetobutylicum  has 
demonstrated a selective delivery of the active exogenous enzyme into tumours 
(Theys et al.  2001 ; Liu et al.  2002  ) . Recently, it was demonstrated that CD can be 
successfully cloned and expressed in the same strain of  Clostridium  and CD 
expression was enhanced signifi cantly by the vascular targeting agent combret-
astatin A-4 phosphate. The enhancement may be due to the enlargement of the 
necrotic area in tumours (Theys et al.  2001  ) . 

  Salmonella  vector combined with NR and CD has shown successful results 
 in vivo  and both are currently undergoing phase I clinical trials in cancer patients. 
 Salmonella  has been combined with carboxypeptidase G2 (CPG2), an enzyme that 
converts a range of mustard prodrugs to DNA cross-linking agents and has shown 
high levels of activity  in vivo . TAPET (Tumour Amplifi ed Protein Expression 
Therapy) uses VNP20009, an attenuated strain of  S. typhimurium  as a bacterial vec-
tor and expresses an  E. coli  CD for preferentially delivering anticancer drugs to 
solid tumours (Luo et al.  2001  ) . The expression of the prodrug converting enzyme 
HS-thymidine kinase (TK) in a purine auxotroph has demonstrated enhanced anti-
tumour activity upon the addition of ganciclovir, the corresponding prodrug 
(Pawelek et al.  1997  ) . Likewise the expression of HSV-TK in VNP20009 has dem-
onstrated its selective accumulation in subcutaneously implanted murine colon 
tumours (Tjuvajev et al.  2001  ) .  Bifi dobacterium longum  transfected with pBLES100-
S-eCD produces cytosine deaminase in the hypoxic tumour, and studies have con-
fi rmed this as an effective prodrug-enzyme therapy (Fujimori et al.  2003  ) . 

 Recently a strain of  E. coli,  DH5 a -lux/ b G has been developed which expresses 
 b -glucuronidase ( b G) as well as the luxCDABE gene cluster enzymes for selective 
prodrug activation and non-invasive imaging in tumours respectively. These bacte-
ria emit light for imaging and hydrolyze the glucuronide prodrug 9ACG to the 
topoisomerase I inhibitor 9-aminocamptothecin (9AC). Optical imaging, colony-
forming units (CFUs) and staining for  b G activity have indicated that this bacterial 
strain localizes and replicates in human tumour xenografts thereby producing anti-
tumour activity along with systemic 9ACG prodrug therapy (Cheng et al.  2008  ) . 
These results have generated interest in prodrug activating bacteria as useful selec-
tive cancer chemotherapy.   
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    8.3.6   Bacteria as Immunotherapeutic Agents 

 Since tumours are immunogenic, the immunotherapeutic strategy employs stimula-
tion of the immune system to destroy cancerous cells. Immunotherapy for cancer 
offers great promise as an emerging and effective approach. But the major drawback 
is the ability of tumours to escape the immune system due to development of tolerance 
as they are weakly immunogenic and sometimes body takes them as self antigens. 
Thus one of the novel immunotherapeutic strategies employs bacteria to enhance the 
antigenicity of tumour cells (Xu et al.  2009  ) . It has been reported that attenuated but 
still invasive,  S. typhimurium  infects malignant cells both  in vitro  and  in vivo  which in 
turn triggers the immune response. Attenuated  S. typhimurium  has demonstrated suc-
cessful invasion of melanoma cells that can present antigenic determinants of bacterial 
origin and become targets for anti-Salmonella-specifi c T cells. However, better out-
comes were achieved after vaccinating tumour bearing mice with  S. typhimurium  
before intratumoral  Salmonella  injection (Avogadri et al.  2005  ) . Genetically engi-
neered attenuated strains of  S. typhimurium  expressing murine cytokines have exhib-
ited the capacity to modulate immunity to infection and have retarded the growth of 
experimental melanomas. Results have suggested that IL-2 encoding  Salmonella  
organisms are superior in suppressing tumour growth as compared to the parental 
non-cytokine expressing strain (Al-Ramadi et al.  2008  ) . Tumour antigen DNA 
sequences have been introduced into bacteria too such as  Salmonella  and  Listeria , 
resulting in protective immunity in animal models. A xenogenic DNA vaccine encod-
ing human tumour endothelial marker 8 (TEM8) carried by attenuated  S. typhimurium  
has been reported to generate TEM8-specifi c CD8 cytotoxic T-cell response after oral 
administration. Suppression of angiogenesis in the tumours along with protection of 
mice from lethal challenges against tumour cells and reduced tumour growth support 
the potential of anti-angiogenesis immunotherapy (Ruan et al.  2009  ) . Recently, a 
recombinant strain of attenuated  S. typhimurium  expressing a gene encoding LIGHT, 
a cytokine known to promote tumour rejection has been reported to inhibit growth of 
primary tumours, as well as the dissemination of pulmonary metastases, in various 
mouse tumour models employing murine carcinoma cell lines in immunocompetent 
mice. Antitumor activity was achieved without signifi cant toxicity (Loeffl er et al. 
 2007  ) . 

 Because of its ability to stimulate strong innate and cell-mediated immunity, 
recombinant forms of the facultative intracellular bacterium,  Listeria monocyto-
genes , have been used as vector for cancer vaccine. A recombinant  L. monocyto-
genes  vaccine strain (Lm-NP) expressing nucleoprotein (NP) from infl uenza strain 
A/PR8/34 has shown great therapeutic potential pre-clinically by regressing growth 
of macroscopic tumours of all types. Treatment with another recombinant Listeria 
strain Lm-LLO-E7 has demonstrated effective cure of the majority of tumour bear-
ing mice. And clinical trials are currently underway for the use of Lm-LLO-E7 as a 
cancer immunotherapeutic for cervical cancer (Wood et al.  2008  ) . An attenuated 
 L. monocytogenes  (LM)-based vaccine expressing truncated listeriolysin O (LLO) has 
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demonstrated the eradication of all metastases and almost the entire primary tumour 
in the syngeneic, aggressive mouse breast tumour model 4T1 (Kim et al.  2009  ) . 

  C. novyi  has been reported to induce massive leukocytosis and infl ammation. 
Furthermore, the antitumor effects of infl ammation are well known too. Systemic 
administration of  C. novyi-NT  spores destroys adjacent cancer cells and triggers an 
infl ammatory reaction by producing cytokines such as IL-6, MIP-2, G-CSF, TIMP-
1, and KC that attract infl ammatory cells i.e. neutrophils followed by monocyte and 
lymphocytes. The infl ammatory reaction restricts the bacterial infection and directly 
contributes to the destruction of tumour cells through the production of reactive oxy-
gen species, proteases, and other degradative enzymes. Finally, it stimulates a potent 
cellular immune response leading to destruction of residual tumour cells. A phase I 
clinical trial combining spores of a  C. novyi-NT  with an anti-microtubuli agent has 
been initiated (Xu et al.  2009  ) . 

 The cell wall skeleton of  Mycobacterium bovis Bacillus Calmette-Guérin  (BCG-
CWS) has been used as an effective adjuvant for immunotherapy of a variety of can-
cer patients (Hayashi et al.  2009  ) . Recently it has been demonstrated that BCG/CWS 
has a radiosensitizing effect on colon cancer cells through the induction of autophagic 
cell death.  In vitro  as well as  in vivo  studies have revealed that BCG/CWS in combina-
tion with ionizing radiation (IR) is a promising therapeutic strategy for enhancing 
radiation therapy in colon cancer cells (Yuk et al.  2010  ) . All these fi ndings indicate the 
promising potential of non-virulent bacteria as cancer immunotherapeutic agents. 
A summary of relevant clinical trials using bacteria is shown in Table  8.1 .    

    8.4   Limitations of Bacterial Therapy 

 The major limitation of bacterial therapy is toxicity. As cancer cells are generally 
insensitive, reducing the dose results in diminished effi cacy and increasing the 
dose to achieve the therapeutic effi cacy may produce toxicity to non-cancerous 
cells. Another challenge is the lack of specifi city, which is being tried to overcome 
by bacterially directed enzyme prodrug therapy. Moreover, systemic administra-
tion of bacteria is rather inconvenient and carries higher risk of obvious toxicity. 
Furthermore, even removal of the toxin genes like in COBALT therapy led to 
~15–45% mortality in mice (Dang et al.  2001  ) . A more diffi cult problem is the 
treatment of small non-necrotic metastases of large primary tumours as metastasis 
is the major cause of mortality from cancer. Due to small hypoxic regions of these 
metastases, targeting by bacteria is diffi cult to achieve. Other problem is incom-
plete tumour lysis as bacteria do not consume all parts of the malignant tissue 
which necessitates the combination of therapy with chemotherapeutic treatments. 
In case of bacteria based vector therapy, the major hurdle is the inaccessibility 
because most of the times an intratumoral injection is required (Hatefi  and Canine 
 2009  ) . Another major challenge faced by bacterial therapy is the potential for 
DNA mutations i.e. any loss of functionality due to mutations may lead to wide 
variety of problems like failure of therapy or exaggerated infection. Although 
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recombinant DNA technology has solved some of these safety concerns yet more 
developments are needed.  

    8.5   Conclusion 

 Various strategies employing bacteria have been investigated so far as anti-cancer 
modalities. Of all these, live/attenuated bacteria as antitumor agents and vectors for 
gene-directed enzyme prodrug therapy have emerged as promising strategies. IL-4 
fused with  Pseudomonas  exotoxin is in Phase I clinical trials in patients with glio-
blastoma. VNP20009 and TAPET-CD have been investigated successfully in Phase 
I clinical trials in cancer patients. Chimeric toxins are also being investigated as 
future toxin-based anticancer therapies. However more investigations and studies 
are needed to establish this therapy.  

    8.6   Future Directions 

 Recently it has been hypothesized that bacteria growing with cancer cells of certain 
types (like the metastatic cells) in the presence of anticancer drugs such as DNA 
replication inhibitors undergo the  SOS response  and lead to generation of novel ben-
efi cial phenotypes which acquire the capacity to invade the cancer cells in a bid to 
escape drug pressure. Thus, further research is required to implicate these pheno-
types as novel bacterial anti-metastasis regimens. Although bacteria have shown 
promising and signifi cant potency in eradicating established tumours found in pre-
clinical mouse tumour models yet the successful translation of these pre-clinical strat-
egies into clinical practice will depend on the outcome of clinical trials. Of all the 
strategies discussed above, anaerobic bacteria vector-mediated cancer therapy and 
immunotherapy are very promising. But as we know cancer is a multifactorial disease, 
no single therapy is completely suitable for it. The combination of recombinant DNA 
technology along with immunotherapy applied to the anaerobic bacteria is being con-
sidered as the foundation for the multimodality therapeutic strategies for cancer.      

   References 

    Abd El-Aal H, Habib E, Mishrif M (2005) Wilms’ tumor: the experience of the pediatric unit of 
Kasr El-Aini Center of Radiation Oncology and Nuclear Medicine (NEMROCK). J Egypt Natl 
Canc Inst 17(4):308–311  

    Al-Ramadi BK, Fernandez-Cabezudo MJ, El-Hasasna H et al (2008) Attenuated bacteria as effectors 
in cancer immunotherapy. Ann N Y Acad Sci 1138(1):351–357  



204 S. Patyar et al.

    Ansiaux R, Gallez B (2007) Use of botulinum toxins in cancer therapy. Expert Opin Investig Drugs 
16(2):209–218  

    Avogadri F, Martinoli C, Petrovska L et al (2005) Cancer immunotherapy based on killing of salmonella-
infected tumor cells. Cancer Res 65(9):3920–3927  

    Ballard TE, Melander C (2008) Kinamycin-mediated DNA cleavage under biomimetic conditions. 
Tetrahedron Lett 49:3157  

    Bermudes D, Zheng L, King IC (2002) Live bacteria as anticancer agents and tumor-selective 
protein delivery vectors. Curr Opin Drug Discov Devel 5(2):194–199  

    Bettegowda C, Dang LH, Abrams R et al (2003) Overcoming the hypoxic barrier to radiation 
therapy with anaerobic bacteria. Proc Natl Acad Sci USA 100(25):15083–15088  

    Carey R, Holland J, Whang H et al (1967) Clostridial oncolysis in man. Eur J Cancer 3:37–46  
    Carswell EA, Old LJ, Kassel RL et al (1975) An endotoxin induced serum factor that causes 

necrosis of tumors. Proc Natl Acad Sci USA 72:3666–3670  
    Cheng CM, Lu YL, Chuang KH et al (2008) Tumor-targeting prodrug-activating bacteria for 

cancer therapy. Cancer Gen Ther 15:393–401  
    Cheong I, Huang X, Bettegowda C et al (2006) A bacterial protein enhances the release and 

effi cacy of liposomal cancer drugs. Science 314(5803):1308–1311  
    Cunningham C, Nemunaitis J (2001) A phase I trial of genetically modifi ed  Salmonella typhimu-

rium  expressing cytosine deaminase (TAPET-CD, VNP20029) administered by intratumoral 
injection in combination with 5-fl uorocytosine for patients with advanced or metastatic cancer. 
Protocol no: CL-017. Version: April 9, 2001. Hum Gene Ther 12(12):1594–1596  

    Dang LH, Bettegowda C, Huso DL et al (2001) Combination bacteriolytic therapy for the treat-
ment of experimental tumors. Proc Natl Acad Sci USA 98(26):15155–15160  

    Dang LH, Bettegowda C, Agrawal N et al (2004) Targeting vascular and avascular compartments 
of tumors with  C. novyi -NT and antimicrotubule agents. Cancer Biol Ther 3(3):326–337  

    Diaz LA Jr, Cheong I, Foss CA et al (2005) Pharmacologic and toxicologic evaluation of  C.novyi -
NT spores. Toxicol Sci 88(2):562–575  

    Falnes PO, Ariansen S, Sandwig K et al (2000) Requirement for prolonged action in the cytosol 
for optimal protein synthesis inhibition by diphtheria toxin. J Biol Chem 275:4363–4368  

    Fan D, Yano S, Shinohara H et al (2002) Targeted therapy against human lung cancer in nude mice 
by high affi nity recombinant antimesothelin single chain Fv immunotoxin. Mol Cancer Ther 
1:595–600  

    Fiorentini C, Matarrese P, Straface E et al (1998) Toxin induced activation of Rho GTP-binding 
protein increases Bcl-2 expression and infl uences mitochondrial homeostasis. Exp Cell Res 
242:341–350  

    Frankel AE, Rossi P, Kuzel TM et al (2002) Diphtheria fusion protein therapy of chemoresistant 
malignancies. Curr Cancer Drug Targets 2:19–36  

    Fujimori M, Amano J, Taniguchi S (2003) The genus Bifi dobacterium for cancer gene therapy. 
Curr Opin Drug Discov Devel 5:200–203  

    Garland L, Gitlitz B, Ebbinghaus S et al (2005) Phase I trial of intravenous IL-4 pseudomonas 
exotoxin protein (NBI-3001) in patients with advanced solid tumors that express the IL-4 
receptor. J Immunother 28(4):376–381  

    Goldberg MR, Heimbrook DC, Russo P et al (1995) Phase I clinical study of the recombinant 
oncotoxin TP40 in superfi cial bladder cancer. Clin Cancer Res 1(1):57–61  

    Greenfi eld L, Johnson VG, Youle RJ (1987) Mutations in diphtheria toxin separate binding from 
entry and amplify immunotoxin selectivity. Science 238:536–539  

    Hagihara N, Walbridge S, Olson AW et al (2000) Vascular protection by chloroquine during brain 
tumor therapy with Tf-CRM 107. Cancer Res 60:230–234  

    Hatefi  A, Canine BF (2009) Perspectives in vector development for systemic cancer gene therapy. 
Gene Ther Mol Biol 13(A):15–19  

    Hayashi A, Nishida Y, Yoshii S et al (2009) Immunotherapy of ovarian cancer with cell wall skel-
eton of  Mycobacterium bovis  Bacillus Calmette-Guérin: effect of lymphadenectomy. Cancer 
Sci 100(10):1991–1995  



2058 Bacteria as a Therapeutic Approach in Cancer Therapy

    Hoption Cann SA, van Netten JP, van Netten C (2003) Dr. William Coley and tumour regression: 
a place in history or in the future. Postgrad Med J 79:672–680  

    Hough CD, Sherman Baust CA, Pizer ES (2000) Large scale serial analysis of gene expression 
reveals genes differentially expressed in ovarian cancer. Cancer Res 60:6281–6287  

    Jain RK (2001) New approaches for the treatment of cancer. Adv Drug Deliv Rev 46:149–168  
    Julien B, Shah S (2002) Heterologous expression of epothilone biosynthetic genes in  Myxococcus 

xanthus . Antimicrob Agents Chemother 46(9):2772  
    Karsten V, Pike J, Troy K et al (2001) A strain of  Salmonella typhimurium  VNP20009 expressing 

an anti-angiogenic peptide from platelet factor-4 has enhanced anti-tumor activity. Proc Annu 
Meet Am Assoc Cancer Res 42:3700  

    Keller R, Keist R, Joller P et al (1995) Coordinate up and down modulation of inducible nitric 
oxide synthase, nitric oxide production and tumoricidal activity in bone marrow derived mono-
nuclear phagocytes by lipopolysaccharides and gram negative bacteria. Biochem Biophys Res 
Commun 211:183–189  

    Khatua S, Nair C, Ghosh K (2004) Immune-mediated thrombocytopenia following dactinomycin 
therapy in a child with alveolar rhabdomyosarcoma: the unresolved issues. J Pediatr Hematol 
Oncol 26(11):777–779  

    Kim SH, Castro F, Paterson Y et al (2009) High effi cacy of a Listeria based vaccine against meta-
static breast cancer reveals a dual mode of action. Cancer Res 69(14):5860–5866  

    King I, Itterson M, Bermudes D (2009) Tumor-targeted  Salmonella typhimurium  overexpressing 
cytosine deaminase: a novel, tumor-selective therapy. Methods Mol Biol 542:649–659  

    Kokai Kun JF, Mcclane BA (1997) Determination of functional regions of  Clostridium perfringens  
enterotoxin through deletion analysis. Clin Infect Dis 25:S165–S167  

    Kokai Kun JF, Benton K, Wieckowski EU et al (1999) Identifi cation of a  Clostridium perfringens  
enterotoxin region required for large complex formation and cytotoxicity by random mutagen-
esis. Infect Immun 67:5634–5641  

    Kominsky SL, Vali M, Korz D (2004)  Clostridium perfringens  enterotoxin elicits rapid and 
specifi c cytolysis of breast carcinoma cells mediated through tight junction proteins claudin 3 
and 4. Am J Pathol 164:1627–1633  

    Kreitman RJ, Wilson WH, Robbins D et al (1999) Responses in refractory hairy cell leukemia to a 
recombinant immunotoxin. Blood 94(10):3340–3348  

    Kreitman RJ, Wilson WH, White JD et al (2000) Phase I trial of recombinant immunotoxin anti-
Tac(Fv)-PE38 (LMB-2) in patients with hematologic malignancies. J Clin Oncol 
18(8):1622–1636  

    Kreitman RJ, Wilson WH, Bergeron K et al (2001) Effi cacy of the anti-CD22 recombinant immu-
notoxin BL22 in chemotherapy-resistant hairy-cell leukemia. N Engl J Med 345(4):241–247  

    Kreitman RJ, Squires DR, Stetler-Stevenson M et al (2005) Phase I trial of recombinant immuno-
toxin RFB4(dsFv)-PE38 (BL22) in patients with B-cell malignancies. J Clin Oncol 
23(27):6719–6729  

    Kunwar S, Chang SM, Prados MD et al (2006) Safety of intraparenchymal convection-enhanced 
delivery of cintredekin besudotox in early-phase studies. Neurosurg Focus 20(4):E15  

    Kunwar S, Prados MD, Chang SM, Cintredekin Besudotox Intraparenchymal Study Group et al 
(2007) Direct intracerebral delivery of cintredekin besudotox (IL13-PE38QQR) in recurrent 
malignant glioma: a report by the Cintredekin Besudotox Intraparenchymal Study Group. J 
Clin Oncol 25(7):837–844  

    Lanzerin M, Sand O, Olsnes S (1996) GPI-anchored diphtheria toxin receptor allows membrane 
translocation of the toxin without detectable ion channel activity. EMBO J 15:725–734  

    Li X, Fu GF, Fan YR et al (2003)  Bifi dobacterium adolescentis  as a delivery system of endostatin 
for cancer gene therapy: selective inhibitor of angiogenesis and hypoxic tumor growth. Cancer 
Gene Ther 10:105–111  

    Lin SL, Spinka TL, Le TX et al (1999) Tumor directed delivery and amplifi cation of tumor-necro-
sis factor- a  (TNF) by attenuated  Salmonella typhimurium . Clin Cancer Res 5:3822  

    Liong MT (2008) Roles of probiotics and prebiotics in colon cancer prevention-postulated mecha-
nisms and in-vivo evidence. Int J Mol Sci 9(5):854–863  



206 S. Patyar et al.

    Liu SC, Minton NP, Giaccia AJ et al (2002) Anticancer effi cacy of systemically delivered anaero-
bic bacteria as gene therapy vectors targeting tumor hypoxia/necrosis. Gene Ther 9:291–296  

    Loeffl er M, Le’Negrate G, Krajewska M et al (2007) Attenuated Salmonella engineered to produce 
human cytokine LIGHT inhibit tumor growth. Proc Natl Acad Sci USA 104(31):12879–12883  

    Louie GV, Yang W, Bowman ME et al (1997) Crystal structure of the complex of diphtheria toxin 
with an extracellular fragment of its receptor. Mol Cell 1:67–68  

    Low KB, Ittensohn M, Lin S et al (1999) VNP20009, a genetically modifi ed  Salmonella typhimurium  
for treatment of solid tumors. Proc Am Assoc Cancer Res 40:851  

   Luo X, Ittensohn M, Low B et al (1999) Genetically modifi ed  Salmonella typhimurium  inhibited 
growth of primary tumors and metastase. Proc Annu Meet Am Assoc Cancer Res 40  

   Luo X, Li Z, Shen SY et al (2001) Genetically armed  Salmonella typhimurium  delivered therapeutic 
gene and inhibited tumor growth in preclinical models. Proc Annu Meet Am Assoc Cancer 
Res 42  

    Malmgren RA, Flanigan CC (1955) Localization of the vegetative form of  Clostridium tetani  in 
mouse tumors following intravenous spore administration. Cancer Res 15:473–478  

    Mengesha A, Dubois L (2009) Clostridia in anti-tumor therapy. In: Bruggemann H, Gottschalk G (eds) 
Clostridia: molecular biology in the post-genomic era, 3rd edn. Caister Academic Press, Norfolk  

    Michl P, Buchholz M, Rolke M (2001) Claudin-4: a new target for pancreatic cancer treatment 
using  Clostridium perfringens  enterotoxin. Gasrtoenterology 121:678–684  

    Minton NP (2003) Clostridia in cancer therapy. Nat Rev Microbiol 1:237–242  
    Mussai F, Campana D, Bhojwani D et al (2010) Cytotoxicity of the anti-CD22 immunotoxin HA22 

(CAT-8015) against paediatric acute lymphoblastic leukaemia. Br J Haematol 150(3):352–358  
    Nauts HC (1980) The benefi cial effects of bacterial infections on host resistance to cancer: end 

result in 449 cases, 2nd edn, Monograph no. 8. Cancer research institute, New York  
       Nauts HC, McLaren JR (1990) Coley’s toxins the fi rst century. Adv Exp Med Biol 267:483–500  
    Nauts HC, Fowler G, Bogatko F (1953) A review of the infl uence of bacterial infection and of 

bacterial products (Coley’s toxins) on malignant tumors in man. Acta Med Scand 276:1–103  
    Nougayrede JP, Taieb F, De Rycke J et al (2005) Cyclomodulins: bacterial effectors that modulate 

the eukaryotic cell cycle. Trends Microbiol 13:103–110  
    Oswald E, Sugai M, Labigne A et al (1994) Cytotoxic necrotizing factor type 2 produced by 

virulent  Escherichia coli  modifi es the small GTP-binding proteins Rho involved in assembly 
of actin stress fi bers. Proc Natl Acad Sci USA 91:3814–3818  

    Pai LH, Bookman MA, Ozols RF et al (1991) Clinical evaluation of intraperitoneal Pseudomonas 
exotoxin immunoconjugate OVB3-PE in patients with ovarian cancer. J Clin Oncol 
9(12):2095–2103  

    Pai LH, Wittes R, Setser A et al (1996) Treatment of advanced solid tumors with immunotoxin 
LMB-1: an antibody linked to Pseudomonas exotoxin. Nat Med 2(3):350–353  

    Pai-Scherf LH, Villa J, Pearson D et al (1999) Hepatotoxicity in cancer patients receiving erb-38, 
a recombinant immunotoxin that targets the erbB2 receptor. Clin Cancer Res 5(9):2311–2315  

    Parney IF, Kunwar S, McDermott M et al (2005) Neuroradiographic changes following convec-
tion-enhanced delivery of the recombinant cytotoxin interleukin 13-PE38QQR for recurrent 
malignant glioma. J Neurosurg 102(2):267–275  

    Pastan I (1997) Targeted therapy of cancer with recombinant immunotoxins. Biochim Biophys 
Acta 1333:C1–C6  

    Pawelek JM, Low KB, Bermudes D (1997) Tumor-targeted Salmonella as a novel anticancer 
vector. Cancer Res 57:4537–4544  

    Posey JA, Khazaeli MB, Bookman MA et al (2002) A phase I trial of the single-chain immuno-
toxin SGN-10 (BR96 sFv-PE40) in patients with advanced solid tumors. Clin Cancer Res 
8(10):3092–3099  

    Powell DJ Jr, Felipe-Silva A, Merino MJ et al (2007) Administration of a CD25-directed immuno-
toxin, LMB-2, to patients with metastatic melanoma induces a selective partial reduction in 
regulatory T cells  in vivo . J Immunol 179(7):4919–4928  

    Prakash V, Winston WT (2010) Update on options for treatment of metastatic castration-resistant 
prostate cancer. Oncol Targets Ther 3:39–51  



2078 Bacteria as a Therapeutic Approach in Cancer Therapy

    Punj V, Bhattacharya S, Saint-Dic D et al (2004) Bacterial cupredoxin azurin as an inducer of 
apoptosis and regression in human breast cancer. Oncogene 13:2362–2374  

    Puri RK (1999) Development of a recombinant interleukin-4-Pseudomonas exotoxin for therapy 
of glioblastoma. Toxicol Pathol 27(1):53–57  

    Rafter J (2004) The effects of probiotics on colon cancer development. Nutr Res Rev 17:277–284  
    Rand RW, Kreitman RJ, Patronas N et al (2000) Intratumoral administration of recombinant circularly 

permuted interleukin-4-Pseudomonas exotoxin in patients with high-grade glioma. Clin Cancer 
Res 6(6):2157–2165  

    Reisser O, Pance A, Jeanin JF (2002) Mechanism of anti-tumor effect of lipid A. Bioassays 
24:284–289  

    Renault J, Baron M, Mailliet P et al (1981) Heterocyclic quinones.2.Quinoxaline-5,6-(and 
5–8)-diones – Potential antitumoral agents. Eur J Med Chem 16(6):545–550  

    Ribi EE, Granger DL, Milner KC et al (1975) Tumor regression caused by endotoxins and myco-
bacterial fractions. J Natl Cancer Inst 55:1253–1257  

    Richardson MA, Ramirez T, Russell NC et al (1999) Coley toxins immunotherapy: a retrospective 
review. Altern Ther Health Med 5:42–47  

    Roller M, Clune Y, Collins K et al (2007) Consumption of prebiotic inulin enriched with oligof-
ructose in combination with the probiotics  Lactobacillus rhamnosus  and  Bifi dobacterium lactis  
has minor effects on selected immune parameters in polypectomised and colon cancer patients. 
Br J Nutr 97(4):676–684  

    Ruan Z, Yang Z, Wang Y et al (2009) DNA vaccine against tumor endothelial marker 8 inhibits 
tumor angiogenesis and growth. J Immunother 32(5):486–491  

    Saltzman DA, Heise CP, Hasz DE et al (1996) Attenuated  Salmonella typhimurium  containing 
interleukin – 2 decreases MC-38 hepatic metastases: a novel anti-tumor agent. Cancer Biother 
Radiopharm 11:145–153  

    Saltzman DA, Katsanis E, Heise CP et al (1997) Patterns of hepatic and splenic colonization by an 
attenuated strain of  Salmonella typhimurium  containing the gene for human interleukin-2: a 
novel anti-tumor agent. Cancer Biother Radiopharm 12:37–45  

    Sampson JH, Akabani G, Archer GE et al (2003) Progress report of a Phase I study of the intrac-
erebral microinfusion of a recombinant chimeric protein composed of transforming growth 
factor (TGF)-alpha and a mutated form of the Pseudomonas exotoxin termed PE-38 (TP-38) 
for the treatment of malignant brain tumors. J Neurooncol 65(1):27–35  

    Sampson JH, Akabani G, Archer GE et al (2008) Intracerebral infusion of an EGFR-targeted toxin 
in recurrent malignant brain tumors. Neuro Oncol 10(3):320–329  

    Seow SW, Cai S, Rahmat JN et al (2010)  Lactobacillus rhamnosus  GG induces tumor regression 
in mice bearing orthotopic bladder tumors. Cancer Sci 101(3):751–758  

    Shimamura T, Husain SR, Puri RK (2006) The IL-4 and IL-13 Pseudomonas exotoxins: new hope 
for brain tumor therapy. Neurosurg Focus 20(4):E11  

    Takimoto CH, Calvo E (2008) Principles of oncologic pharmacotherapy. In: Pazdur R, Wagman 
LD, Camphausen KA et al (eds) Cancer management: a multidisciplinary approach, 11th edn. 
Cmp United Business Media, New York  

    Theys J, Landuyt W, Nuyts S et al (2001) Specifi c targeting of cytosine deaminase to solid tumors 
by engineered  Clostridium acetobutylicum . Cancer Gene Ther 8:294–297  

    Thiele E, Arison R, Boxer G (1963) Oncolysis by Clostridia IV effect of nonpathogenic Clostridial 
spores in normal and pathological tissues. Cancer Res 24:234–238  

    Tjuvajev J, Blasberg R, Luo X et al (2001) Salmonella based tumor-targeted cancer therapy: tumor 
amplifi ed protein expression therapy (TAPET) for diagnostic imaging. J Control Release 
74:313–315  

    Turan T, Karacay O, Tulunay G et al (2006) Results with EMA/CO (etoposide, methotrexate, 
actinomycin D, cyclophosphamide, vincristine) chemotherapy in gestational trophoblastic 
neoplasia. Int J Gynecol Cancer 16(3):1432–1438  

    Vogelbaum MA, Sampson JH, Kunwar S et al (2007) Convection-enhanced delivery of cintredekin 
besudotox (interleukin-13-PE38QQR) followed by radiation therapy with and without temozo-



208 S. Patyar et al.

lomide in newly diagnosed malignant gliomas: phase 1 study of fi nal safety results. Neurosurgery 
61(5):1031–1037  

    Weber FW, Floeth F, Asher A et al (2003) Local convection enhanced delivery of IL4-Pseudomonas 
exotoxin (NBI-3001) for treatment of patients with recurrent malignant glioma. Acta Neurochir 
Suppl 88:93–103  

    Wei MQ, Ellem KAO, Dunn P et al (2007) Facultative or obligate anaerobic bacteria have the 
potential for multimodality therapy of solid tumours. Eur J Cancer 43:490–496  

    Wood LM, Guirnalda PD, Seavey MM et al (2008) Cancer immunotherapy using  Listeria mono-
cytogenes  and listerial virulence factors. Immunol Res 42:233–245  

    Xu J, Liu XS, Zhou SF et al (2009) Combination of immunotherapy with anaerobic bacteria for 
immunogene therapy of solid tumours. Genet Ther Mol Biol 13:36–52  

    Yuhua L, Kunyuan G, Hui C et al (2001) Oral cytokine gene therapy against murine tumor using 
attenuated  Salmonella typhimurium . Int J Cancer 94:438–443  

    Yuk JM, Shin DM, Song KS et al (2010) Bacillus calmette-guerin cell wall cytoskeleton enhances 
colon cancer radiosensitivity through autophagy. Autophagy 6(1):46–60  

    Zacharski LR, Sukhatme VP (2005) Coley’s toxin revisited: immunotherapy or plasminogen acti-
vator therapy of cancer? J Thromb Haemost 3:424      



209A.A. Khan (ed.), Bacteria and Cancer, DOI 10.1007/978-94-007-2585-0_9, 
© Springer Science+Business Media B.V. 2012

  Abstract    Salmonella, Clostridium  and  Bifi dobacterium  have been shown to 
 control tumour growth and promote survival in animal models. However, 
 Clostridium  and  Bifi dobacterium  are obligate anaerobes which limits their growth 
to the necrotic region of tumour and thus limits their effectiveness. In contrast, 
 Salmonella  is a facultative anaerobe which can grow in the viable as well as 
necrotic regions of tumours giving it greater potential as an anti-tumour agent. 
However, previous experiments with  Salmonella , including clinical trials, have 
used over-attenuated mutants, limiting the anti-tumour effi cacy. We have devel-
oped an effective bacterial cancer therapy strategy using  Salmonella typhimurium  
auxotrophs which grow in viable as well as necrotic areas of tumours. The aux-
otrophy severely restricts growth of these bacteria in normal tissue. The  S. typh-
imurium  A1-R mutant, which is auxotrophic for leu-arg, has high anti-tumour 
virulence.  In vitro , A1-R infects tumour cells and causes nuclear destruction. A1-R 
was initially used to treat metastatic human prostate and breast tumours that had 
been orthotopically implanted in nude mice. Forty percent of treated mice were 
cured completely and survived as long as non-tumour-bearing mice. A1-R admin-
istered i.v. to nude mice with primary osteosarcoma and lung metastasis was highly 
effective, especially against metastasis. A1-R was also targeted to both axillary 
lymph and popliteal lymph node metastasis of human pancreatic cancer and fi bro-
sarcoma, respectively, as well as lung metastasis of the fi brosarcoma in nude mice. 
The bacteria were delivered via a lymphatic channel to target the lymph node 
metastases and systemically via the tail vein to target the lung metastasis. The 
metastases were cured without the need of chemotherapy or any other treatment. 
A1-R was administered intratumorally to nude mice with an orthotopically 
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transplanted human pancreatic tumour. The primary pancreatic cancer regressed 
without additional chemotherapy or any other treatment. A1-R was also effective 
against pancreatic cancer liver metastasis when administered intrasplenically to 
nude mice. A1-R was also highly effective against spinal cord glioma in orthotopic 
nude mouse models, a highly treatment-resistant disease. Tumour vascularity 
positively correlates with susceptibility to A1-R therapy. Substrains with tumour-
specifi c promoters and mutants which enhance selective tumour targeting have 
been identifi ed. The approach described here, where bacterial monotherapy effec-
tively treats  primary and metastatic tumours, is a signifi cant improvement over 
previous bacterial tumour therapy strategies that require combination with toxic 
chemotherapy.  

  Keywords    S. typhimurium   •  Leucine-arginine auxotrophs  •  Cancer therapy  •  Green 
fl uorescent protein  •  Red fl uorescent protein  •  Fluorescence  •  Imaging  •  Mice  
•  Nude mice  •  Tumour targeting  

   Abbreviations 

  5-FU    5-fl uorouracil   
  FACS    Fluorescence-activated cell sorting   
  FNR    Fumarate and nitrate reduction global regulator   
  GFP    Green fl uorescent protein   
  HIP-1    Hypoxia-inducible promoter   
  LLC-RFP    Lewis lung carcinoma expressing red fl uorescence protein   
  ND-GFP    Nestin-driven GFP   
  NTG    Nitrosoguanidine   
  RFP    Red fl uorescent protein   
  VEGF    Vascular endothelial growth factor         

    9.1   Introduction 

 Recently Forbes (Forbes  2010  )  has outlined advantages bacteria have over other 
types of cancer treatment. Bacteria have fl agella that enable tumour penetration 
(Dang et al.  2001  )  and chemotactic receptors that direct them to tumours by sens-
ing molecules in the tumour microenvironment (Kasinskas and Forbes  2006,   2007  ) . 
For example, the TAR receptor detects aspartate secreted by viable cancer cells, and 
the TRG receptor promotes migration towards ribose in necrotic tissue (Kasinskas 
and Forbes  2007 ; Forbes  2010  ) . Since bacteria can migrate far from the vascula-
ture, bacteria can penetrate tumours to a greater degree than small molecules that 
diffuse only passively (Forbes  2010  ) . Forbes described fi ve potential mechanisms 
that infl uence the accumulation of facultative anaerobes in tumours: entrapment of 
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bacteria in tumours vasculature (Forbes et al.  2003  ) ; bacterial invasion of tumours 
following infl ammation (Leschner et al.  2009  ) ; chemotaxis towards compounds 
produced by tumours (Kasinskas and Forbes  2006,   2007  ) ; preferential growth in 
tumour-specifi c microenvironments (Kasinskas and Forbes  2006 ; Zhao et al.  2005  ) ; 
and protection from clearance by the immune system (Sznol et al.  2000 ; Forbes 
 2010  ) .  Salmonella  identify, penetrate tumours and cancer cells themselves, and by 
sensing and migrating towards small molecule gradients of serine, aspartate and 
ribose (Kasinskas and Forbes  2006,   2007  ) . The growth rate of  Salmonella  is greater 
in tumours when dying cells are present (Kasinskas and Forbes  2006 ; Forbes et al. 
 2003 ; Leschner et al.  2009 ; Low et al.  1999  ) . We have shown increased tumour 
specifi city of auxotrophic  Salmonella  that require leucine and arganine, which are 
nutrients derived from dying tumour tissue (Zhao et al.  2005,   2006 ; Forbes  2010  ) , 
which is the theme of the present review. Depleting host neutrophils increases and 
enables bacterial invasion of viable tumour tissue (Westphal et al.  2008  ) . The ease 
of genetically manipulating bacteria gives it, its greatest potential for cancer 
therapy (Forbes  2010  ) . 

 Bacterial therapy of cancer has a long anecdotal history going back to the early 
nineteenth century. Coley  (  1906  )  was among the fi rst to put bacteria treatment of 
cancer on a scientifi c basis. He observed, more than a century ago, that some cancer 
patients were cured of their tumours following post-operative bacterial infection. 
Coley treated cancer patients with bacteria, and later treated cancer patients with 
extracts of bacteria called Coley’s Toxins, with signifi cant success. However, after 
Coley’s death, Coley’s Toxins fell out of favor. In the middle of the last century, 
Malmgren and Flanigan  (  1955  )  showed that anaerobic bacteria had the ability to 
survive and replicate in necrotic tumour tissue with low oxygen content. Several 
approaches aimed at utilizing bacteria for cancer therapy have subsequently been 
described (Gericke and Engelbart  1964 ; Moese and Moese  1964 ; Thiele et al.  1964 ; 
Kohwi et al.  1978 ; Kimura et al.  1980 ; Fox et al.  1996 ; Lemmon et al.  1997 ; Brown 
and Giaccia  1998 ; Low et al.  1999 ; Clairmont et al.  2000 ; Sznol et al.  2000 ; Yazawa 
et al.  2000,   2001  ) . 

  Bifi dobacterium longum  has been shown to selectively grow in hypoxic regions 
of tumours following intravenous administration and has been shown to be an effec-
tive antitumour agent in combination with drug treatment by delivering the cysteine 
deaminase gene whose product converts the low-toxicity agent fl uorocytosine to 
5-fl uorouracil (5-FU) an often effective cancer drug (Taniguchi et al.  2010  ) . 

 Vogelstein et al. created a strain of  Clostridium novyi , an obligate anaerobe, 
which was depleted of its lethal toxin (Dang et al.  2001  ) . This strain of  C. novyi  was 
termed  C. novyi  NT. Following intravenous administration, the  C. novyi  NT spores 
germinated in the avascular regions of tumours in mice, causing damage to the sur-
rounding viable tumour (Dang et al.  2001  ) . Combined with conventional chemo-
therapy or radiotherapy, intravenous  C. novyi  NT spores caused extensive tumour 
damage within 24 h (Dang et al.  2001  ) . 

 However,  Clostridium  and  Bifi dobacterium  are obligate anaerobes which limits 
their growth to the necrotic region of tumour and thus limits their effectiveness. In 
contrast,  Salmonella  is a facultative anaerobe which can grow in the viable as well as 
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necrotic regions of tumours giving it greater potential as an anti-tumour agent. 
However, previous experiments with  Salmonella , including clinical trials, have used 
over-attenuated mutants, limiting the anti-tumour effi cacy. 

 Following attenuation by purine and other auxotrophic mutations, the facultative 
anaerobe  Salmonella typhimurium  was used for cancer therapy (Low et al.  1999 ; 
Hoiseth and Stocker  1981 ; Pawelek et al.  1997  ) . These genetically modifi ed bacte-
ria replicated in tumours to levels more than 1,000-fold greater than in normal tissue 
(Low et al.  1999  ) .  S. typhimurium  was further modifi ed genetically by disrupting 
the msbB gene to reduce the incidence of septic shock (Low et al.  1999  ) . 

 The  msbB  mutant of  S. typhimurium  has been tested in a Phase I clinical trial to deter-
mine its effi cacy on metastatic melanoma (Toso et al.  2002  ) . To raise the therapeutic 
index,  S. typhimurium  was further attenuated by deletion of the  purI  as well as  msbB  
gene. The new strain of  S. typhimurium , termed VNP20009, could then be safely admin-
istered to patients (Toso et al.  2002  ) . More studies are needed to completely characterize 
the safety and effi cacy of these bacteria and to improve its therapeutic index. 

 Mengesha et al.  (  2006  )  utilized  S. typhimurium  as a vector for gene delivery by 
developing a hypoxia-inducible promoter (HIP-1) to limit gene expression to 
hypoxic tumours. HIP-1 was able to drive gene expression in bacteria infecting 
human tumour xenografts implanted in mice. Genes linked to the HIP-1 promoter 
showed selective expression in tumours. 

 Yu et al.  (  2003,   2004  )  used green fl uorescent protein (GFP)-labeled bacteria 
to visualize tumour targeting abilities of three pathogens:  Vibrio cholerae ,  S. typh-
imurium  and  Listeria monocytogenes.  Nguyen et al.  (  2010  )  targeted tumours with 
 S. typhimurium  engineered to express luciferase and cytotoxic genes that are induced 
by arabinose. However, more effective bacteria are needed for cancer therapy.  

    9.2   Development of Tumour-Targeting Amino 
Acid Auxotrophic Strain A1 of  S. typhimurium  

 We initially developed a strain of  S. typhimurium , termed A1, which selectively grew 
in tumour xenografts (Zhao et al.  2005  ) . In contrast, normal tissue rapidly cleared 
infecting bacteria, even in immunodefi cient athymic mice.  S. typhimurium  A1 is aux-
otrophic (leu/arg dependent), but receives suffi cient support from tumour tissue. The 
steps used to develop  S. typhimurium  A1 are described below: 

    9.2.1   GFP Transfection and Stable Expression 
in  S. typhimurium  

 Initially  S. typhimurium  14028 was transfected with the pGFP gene by electropo-
ration. The transformed  S. typhimurium  expressed GFP over 100 passages with 
GFP expression monitored at each passage (Zhao et al.  2005  ) .  
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    9.2.2   Cancer Cell Killing by  S. typhimurium In Vitro  

 To observe the intracellular replication and virulence of  S. typhimurium -GFP in a 
human prostate cancer cell line  in vitro , PC-3 human prostate cancer cells were 
labeled with retroviral red fl uorescent protein (RFP) in the cytoplasm, and with GFP 
in the nucleus by means of a fusion of GFP with histone H2B. This has allowed the 
interaction between bacteria and cancer cells to be visualized by dual color spatial-
temporal imaging. The quantitative ability of  S. typhimurium  to kill prostate cancer 
cells was determined with the MTT method and observed to be dose dependent 
(Zhao et al.  2005  ) .  

    9.2.3   Mutation, Isolation and Identifi cation of Auxotrophs 
of  S. typhimurium -GFP 

  S. typhimurium -GFP auxotrophic strains were obtained after nitrosoguanidine 
(NTG) mutagenesis. Twelve of 300 isolates tested were identifi ed as auxotrophic 
mutants (4%) using minimal medium supplemented with various amino acids. 
Nude mice were inoculated i.v. with 10 7  cfu of each mutant. After inoculation with 
wild-type  S. typhimurium , the mice died within 2 days. The mice which lived lon-
gest were those inoculated with auxotroph A1 and survived as long as control unin-
fected mice. A1 required leu and arg and was chosen for effi cacy studies (Zhao 
et al.  2005  ) .   

    9.3   Effi cacy of  S. typhimurium  Amino Acid Auxotrophs 
on Cancer 

    9.3.1    In Vivo  Effi cacy Testing of  S. typhimurium  A1 

 To observe the interaction of prostate cancer cells with bacteria, we used a PC-3 
human prostate cancer cell line expressing RFP, so their response to the bacteria 
could be visualized  in vivo  (Zhao et al.  2005  ) . 

 To evaluate the effi cacy of  S. typhimurium  A1, ten NCR nude mice, 6–8 weeks 
old, were implanted subcutaneously (s.c.) on the mid-right side with 2 × 10 6  RFP-
labeled PC-3 human prostate cancer cells. Bacteria were grown and harvested at 
late-log phase and then diluted in PBS and injected directly into the tail vein 
(5 × 10 7  cfu/100  m l PBS). Tumour size was determined from fl uorescence imaging 
at each time point after infection.  S. typhimurium  A1 selectively colonized the PC-3 
tumour and suppressed its growth.  
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    9.3.2   Isolation of High-Tumour-Virulence Variant 
 S. typhimurium  A1 

 To enhance tumour virulence,  S. typhimurium  GFP A1 was passaged by injection in 
nude mice transplanted with the HT-29 human colon tumour. Bacteria, expressing 
GFP, isolated from the infected tumour were then cultured. The re-isolated A1 was 
termed A1-R. The ability of A1-R to adhere to tumour cells was evaluated in com-
parison with the parental A1 strain  in vitro . The number of A1-R bacteria attached 
to HT-29 human colon cancer cells was approximately six times higher than paren-
tal A1 (Zhao et al.  2006  ) .  

    9.3.3   Enhanced Tumour Virulence of  S. typhimurium  
A1-R in PC-3 Human Prostate Cancer Cells  In Vitro  

 Virulence of GFP-labeled  S. typhimurium  A1 and A1-R bacteria was compared 
 in vitro  under fl uorescence microscopy. Both strains infected dual color PC-3 can-
cer cells expressing RFP in the cytoplasm and GFP in the nucleus. Whereas almost 
all cells were infected and died after 2 h with A1-R, it took 24 h to obtain the same 
result with A1. Thus, the tumour virulence of A1-R was greatly increased (Zhao 
et al.  2007  ) .  

    9.3.4   Enhanced Tumour Targeting of  S. typhimurium  A1-R 
in Nude Mice with the PC-3 Tumour 

 GFP-labeled  S. typhimurium  A1 and A1-R (5  ×  10 7  cfu/100  m l) were administered 
(i.v.) to nude mice with the human PC-3 prostate tumour. The biodistribution of 
the bacteria in tumour tissue was determined at day 4. A1-R had 100 ×  greater cfu 
in PC-3 tumour tissue than A1. This result suggested that A1-R has greater tumour 
targeting effi cacy than A1 (Zhao et al.  2007  ) .  

    9.3.5   Effi cacy of A1-R in Orthotopic Metastatic Human 
Prostate Tumour Models 

 A1-R was used to treat metastatic PC-3 human prostate tumours that had been ortho-
topically implanted in nude mice. A1-R could eradicate tumours in the orthotopic 
nude mouse models of PC-3. Of ten mice with the PC-3 tumours that were injected 
weekly with A1-R, seven were alive at the time the last untreated mouse died. Four 
of the tumour-bearing mice were apparently cured by weekly bacterial treatment.  
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    9.3.6   Dose Response of A1-R 

 Weekly dosing of A1-R was much more effective than two doses only (Zhao et al. 
 2007  ) . In contrast to 12 weekly doses, with only two doses, only one of ten mice 
was cured (Zhao et al.  2007  ) .  

    9.3.7   Comparison of Biodistribution Between  S. typhimurium  
Strains A1 and A1-R in Normal Tissue  In Vivo  

 GFP-labeled  S. typhimurium  A1 and A1-R bacteria (5 × 10 7  cfu/100  m l) were admin-
istered i.v. to nude mice with the PC-3 tumour. The biodistribution of the bacteria in 
liver and spleen tissue was determined at day 2. Fewer A1-R cfu (6 × 10 6 ) were 
recovered from the liver than A1 (4 × 10 7 ) indicating greater tumour selectivity of 
A1-R (Zhao et al.  2007  ) .  

    9.3.8   Tumour Targeting by A1-R 

 To compare bacterial infection in the tumour with infection in normal tissue, 
A1-R bacteria (5 × 10 7  cfu/100  m l) were administered i.v. in PC-3-bearing nude 
mice. On day 4 after injection, the tumour, liver and spleen were removed. The 
tissues were homogenized and plated on LB agar plates. After overnight growth 
at 37°C, the cfu were counted. The ratio of tumour to normal tissue was approx-
imately 10 6 , indicating a very high degree of tumour targeting by A1-R (Zhao 
et al.  2007  ) .  

    9.3.9   Effi cacy of A1-R on Breast Tumour Growth 

 Treatment with A1-R resulted in signifi cant tumour shrinkage in nude mice with 
s.c. MARY-X human breast cancer. Bacteria (5 × 10 7  cfu/100  m l) were inoculated 
i.v. in MARY-X-bearing nude mice. Tumour growth was monitored by caliper 
measurement in two dimensions. The infected tumours regressed by day 5 after 
infection and complete regression occurred by day 25. In orthotopic models of 
MARY-X, A1-R treatment also led to tumour regression following a single i.v. 
injection of A1-R. The regression of the tumour in treated mice was visualized by 
whole-body imaging. The difference in tumour volume between the treated group, 
which showed quantitative regression, and the control was statistically signifi cant 
( P  < 0.05) (Zhao et al.  2006  ) .  



216 R.M. Hoffman

    9.3.10   Survival Effi cacy with A1-R Treatment in Orthotopic 
Breast Cancer Models 

 The survival of the A1-R-treated mice with orthotopic MARY-X tumours was 
prolonged with a 50% survival time of 13 weeks compared with 5 weeks of 
control animals. Forty percent of the treated mice survived as long as control 
non-tumour-bearing mice. In the cured animals, tumours were completely erad-
icated with no regrowth. The parental  S. typhimurium  A1 was less effective than 
A1-R. Tumour growth was only slowed after A1 i.v. injection and not eradicated 
(Zhao et al.  2006  ) .  

    9.3.11   Effi cacy of A1-R on Primary Pancreatic Cancer 

    9.3.11.1   Intracellular Growth of  S. typhimurium  A1-R 

 A1-R GFP could invade and replicate intracellularly in the XPA1 human pancre-
atic cancer cell line expressing GFP in the nucleus and RFP in the cytoplasm. 
Intracellular bacterial infection led to cell fragmentation and cell death (Nagakura 
et al.  2009  ) .  

    9.3.11.2   A1-R Treatment Schedule  In Vivo  

 On day 0, a tumour piece of the dual color XPA1 tumour was transplanted on the 
 pancreas of nude mice. On day 7, the tumour was exposed and observed with the 
Olympus OV100 Small Animal Imaging System. The size of the tumour (fl uores-
cent area, mm 2 ) was measured. Three mice were treated with a low concentration of 
A1-R (10 7  cfu/ml); three were treated with a high concentration (10 8  cfu/ml); and 
three were used as untreated controls. The bacteria were injected into the tumour. 
Tumour volume (mm 3 ) was calculated with the formula  V  = 1/2 × (length × width 2 ). 
On day 14, the tumour was exposed again and the size was measured as described 
above to determine the effi cacy of treatment (Nagakura et al.  2009  ) .  

    9.3.11.3   Effi cacy of A1-R on Pancreatic Cancer 

 Before treatment, the average tumour size (fl uorescent area) on day 7 was 3.2 ± 1.9 mm 2  
in the untreated group, 3.1 ± 1.4 mm 2  in the high-bacteria-dose group and 
3.5 ± 0.75 mm 2  in the low-bacteria-dose group. On day 14, after 7 days treatment, the 
tumour fl uorescence area was 19.9 ± 4.3 mm 2  in the untreated group; 2.2 ± 0.89 mm 2  
in the high-bacteria-concentration treatment group; and 12.7 ± 6.5 mm 2  in the low-
bacteria-concentration treatment group (Nagakura et al.  2009  ) .    
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    9.4   Targeting Metastasis with A1-R 

    9.4.1   Targeting A1-R to Pancreatic Cancer Liver Metastasis 

 We have demonstrated the effi cacy of locally as well as systemically administered 
A1-R on liver metastasis of pancreatic cancer expressing RFP. Mice treated with 
A1-R given locally via intrasplenic injections or systemically via tail vein injections 
had a much lower hepatic and splenic tumour burden as compared to untreated con-
trol mice. Systemic treatment with intravenous A1-R also increased survival time. 
All results were statistically signifi cant (Yam et al.  2010  ) .  

    9.4.2   Experimental Lymph Node Metastasis Cured by Specifi c 
Targeting of a A1-R 

 A new experimental model of lymph node metastasis was developed for this study. 
To obtain experimental metastasis in the axillary lymph node, XPA1-RFP human 
pancreatic cancer cells were injected into the inguinal lymph node in the nude mice. 
Just after injection, cancer cells were imaged traffi cking in the efferent lymph duct 
to the axillary lymph node. Metastasis in the axillary lymph node was subsequently 
formed. A1-R bacteria were then injected into the inguinal lymph node to target the 
axillary lymph node metastasis. Just after bacterial injection, a large amount of bac-
teria were visualized around the axillary lymph node metastasis. By day 7, all lymph 
node metastases had been eradicated in contrast to growing metastases in the con-
trol group. There were very few bacteria in the lymph node by day 7 and no bacteria 
were detected after day 10. This route of administration was, therefore, able to 
deliver suffi cient A1-R bacteria to eradicate the lymph node metastasis after which 
the bacteria became undetectable. The average tumour size (fl uorescent area) in the 
axillary lymph nodes on day 0 was 0.4 ± 0.19 mm 2  in the treatment group and 
0.46 ± 0.08 mm 2  in the untreated group. On day 7, it was 0 mm 2  in the treatment 
group and 0.98 ± 0.17 mm 2  in the untreated group (Hayashi et al.  2009a  ) .  

    9.4.3   A1-R Targeted Therapy of Spontaneous Lymph Node 
Metastasis 

 We then tested bacterial therapy strategy for spontaneous lymph node metastasis 
from a fi brosarcoma tumour growing in the footpad. At fi rst, only A1-R bacteria 
were injected in the footpad in nude mice in order to determine any adverse effects. 
No infection, skin necrosis, or body weight loss or fatality was detected. Then dou-
ble-labeled HT 1080-GFP-RFP human fi brosarcoma cells were injected into the 
footpad of additional nude mice. The presence of popliteal lymph node metastasis 
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was determined by weekly imaging. Once the metastasis was detected, A1-R bacte-
ria were injected subcutaneously in the footpad (Hayashi et al.  2009a  ) . 

 Bacteria are small particles and when injected subcutaneously, the lymph system 
immediately collects them from the site of injection. The lymph system is well 
known as a drainage route for bacterial infection. 

 We observed the injected bacteria traffi cking in the lymphatic channel. The 
popliteal region was exposed just after bacteria injection and a large amount of GFP 
A1-R bacteria targeting the popliteal lymph node metastasis was observed by fl uores-
cence imaging. Dual color labeling of the cancer cells with RFP in the cytoplasm and 
GFP in the nucleus distinguished them from the GFP bacteria. After treatment, the 
popliteal lymph node was observed every week by fl uorescence imaging. One mouse 
was used to image the bacteria by exposing the popliteal lymph node on day 7. GFP 
bacteria invading the lymph node metastasis were observed. All lymph node metasta-
ses shrank and fi ve out of six were eradicated within 7–21 days after treatment in 
contrast to growing metastases in the untreated control group (Hayashi et al.  2009a  ) .  

    9.4.4   A1-R Therapy for Experimental Lung Metastasis 

 To obtain lung metastasis, dual-color RFP-GFP-HT1080 cells were injected into the 
tail vein of nude mice (day 0). On days 4 and 11, A1-R bacteria were injected into 
the tail vein. On day 16, all animals were killed and the lungs were imaged to deter-
mine the effi cacy of bacteria therapy on lung metastasis. To observe the lung metas-
tasis at lower magnifi cation, an RFP fi lter was used (excitation 545 nm, emission 
570–625 nm). In the A1-R treatment group, only a few cancer cells were observed in 
contrast to multiple metastases in the control (untreated) group. The number of metas-
tases on the surface of the lung was signifi cantly lower in the treatment group than in 
the control group ( P  < 0.005). There were no signifi cance differences between the 
treated and untreated groups in body weight (Hayashi et al.  2009a  ) .  

    9.4.5   Targeting of Primary Bone Tumour and Lung Metastasis 
of High Grade Osteosarcoma in Nude Mice with A1-R 

 Mice were transplanted with 143B-RFP osteosarcoma cells in the tibia and devel-
oped primary bone tumour and lung metastasis. Seven days after tumour injection, 
the RFP tumour was confi rmed inside the tibia. After three times weekly injections of 
A1-R, the bone tumour size and lung metastasis were examined on day 28. The 
bone tumour size (RFP area) was 231.7 ± 69.7 mm 2  in the untreated group and 
94.6 ± 22.7 mm 2  in the treated group ( P  < 0.05). The lung was excised and the metas-
tases on the surface were counted. The number of metastasis was 52 ± 29.6 in the 
untreated group and 2.3 ± 2.1 in the treated group ( P  < 0.05). A1-R therapy was, 
therefore, effective for primary and metastatic osteosarcoma (Hayashi et al.  2009b  ) .  
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    9.5   Targeting of Spinal Cord with A1-R 

  S. typhimurium  A1-R were administered systemically or intrathecally, to spinal cord 
cancer in orthotopic nude mouse models. Tumour fragments of human U87-RFP 
glioma were implanted by surgical orthotopic implantation into the dorsal site of 
the spinal cord. Five and 10 days after transplantation, eight mice in each group 
were treated with A1-R (2 × 10 7  CFU/200 μl i.v. injection or 2 × 10 6  CFU/10 μl 
intrathecal injection) (Kimura et al.  2010  ) .   

    9.6   Tumour-Positive Vascularity Correlates 
with Susceptibility to A1-R 

  S. typhimurium  A1-R destroys tumour blood vessels and this is enhanced in tumours 
with high vascularity. RFP-expressing Lewis lung cancer cells (LLC-RFP) were 
transplanted subcutaneously in the ear, back skin and footpad of nestin-driven GFP 
(ND-GFP) transgenic nude mice, which selectively express GFP in nascent blood 
vessels. Color-coded  in vivo  imaging demonstrated that the LLC-RFP ear tumour 
had the highest cell density and the footpad tumour had the least. The ear tumour had 
more abundant blood vessels than tumour on the back or footpad. The tumour- 
bearing mice were treated with A1-R via tail-vein injection. Tumours in the ear were 
the earliest responders to bacterial therapy and hemorrhaged severely the day after 
A1-R administration. Tumours growing in the back were the second fastest respond-
ers to bacterial treatment and appeared necrotic 3 days after A1-R administration. 
Tumours growing in the footpad had the least vascularity and were the last responders 
to A1-R. Therefore, tumour vascularity correlated positively with effi cacy of A1-R. 
The present study suggests that A1-R effi cacy on tumours involves vessel destruction 
which depends on the extent of vascularity of the tumour (Liu et al.  2010  ) . 

 Leschner et al.  (  2009  )  observed a rapid increase of TNF-á in blood, in addition 
to other pro-infl ammatory cytokines, after  S. typhimurium  treatment of tumours. 
Bacterial treatment induced a great infl ux of blood into the tumours by vascular 
disruption and bacteria were fl ushed into the tumour along with the blood. Our 
results, discussed above, suggest the degree of vascularity is most important when 
bacteria target tumours and destroy tumour blood vessels (Liu et al.  2010  ) .  

    9.7   Screening for  Salmonella  Promoters Differentially 
Activated in the PC-3 Prostate Tumour 

 We have used a high-throughput method to screen for  S. typhimurium  promoters 
that are selectively activated in tumours in the mouse. A random library of  
S. typhimurium  with DNA cloned upstream of a promoter less GFP, was injected 
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intravenously in nude mice with s.c. human PC-3 prostate tumours as well as in 
control nude mice. GFP-positive  S. typhimurium  clones from tumour, spleen, 
liver and from  in vitro  growth in LB medium were isolated by fl uorescence-
activated cell sorting (FACS). Active promoters in all environments were ampli-
fi ed by PCR and identifi ed by DNA-microarray hybridization. Among promoters 
identifi ed as preferentially induced in tumours, and not induced in any of the 
other environments (spleen, liver, or  in vitro ), were those of at least fi ve genes 
known to be controlled by the fumarate and nitrate reduction global regulator 
(FNR). At least fi ve other genes with unknown regulation were also enriched in 
tumours. The natural tendency of  S. typhimurium  to target tumours preferentially 
over other tissues, combined with the use of promoters preferentially induced in 
the tumour environment versus other environments, may allow the exquisitely 
tumour-specific expression of fusion  proteins on the surface or secreted by 
 S. typhimurium  for highly selective tumour therapy (Arrach et al.  2008  ) .  

    9.8   Screening for  S. typhimurium  Mutants That Enhance 
Selective Tumour Targeting 

 To select  Salmonella  strains that are avirulent in normal tissues and yet effi cient in 
tumour targeting, the relative fi tness of 41,000  Salmonella  transposon insertion 
mutants growing in mouse models of human prostate and breast cancer were 
evaluated. Two classes of potentially safe mutants were identifi ed. Class 1 mutants 
showed reduced fitness in normal tissues and unchanged fitness in tumours 
(e.g., mutants in htrA, SPI-2, and STM3120). Class 2 mutants showed reduced fi tness 
in tumours and normal tissues (e.g., mutants in aroA and aroD). In a competitive 
fi tness assay in human PC-3 tumours growing in mice, class 1 mutant STM3120 had 
a fi tness advantage over class 2 mutants aroA and aroD, validating the fi ndings of 
the initial screening of a large pool of transposon mutants and indicating a potential 
advantage of class 1 mutants for delivery of cancer therapeutics. In addition, an 
STM3120 mutant successfully targeted tumours after intragastric delivery, (please 
also see below) (Arrach et al.  2010  ) .  

    9.9   Oral Administration of Tumour-Targeting Bacteria 

 Following oral administration in mice,  Salmonella  preferentially accumulated in 
tumours and maintained its anticancer effects (Jia et al.  2007  )  with very low toxicity 
(Chen et al.  2009  ) . Oral delivery might be different in humans, in which bacterial 
escape from the gut to the circulation occurs less often than in mice (Bermudes et al. 
 2000 ; Forbes  2010  ) .  
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    9.10   Conclusion 

 Our goal is to develop tumour-targeting  S. typhimurium  strains that can kill primary 
and metastatic cancer without toxic effects to the host and without the need for 
combination with toxic chemotherapy. Toward this goal, a new substrain of  S. typh-
imurium , A1-R was developed, that has greatly increased anti-tumour effi cacy but 
maintains its original auxotrophy for leu-arg that prevents it from mounting a con-
tinuous infection in normal tissues. A1-R was able to effect cures in monotherapy 
on mouse models of metastatic human cancer. Candidate  S. typhimurium  tumour-
specifi c promoters have been identifi ed that may enhance the anti-tumour effi cacy 
of A1-R by driving expression of toxins that could be selectively expressed in the 
tumours. Mutants with enhanced selectivity of tumour targeting have also been 
identifi ed.  Salmonella  could also be used for DNA delivery to tumours (Darji et al. 
 1997 ; Weiss and Chakraborty  2001 ; Forbes  2010  ) . For example, transfer of the 
endostatin gene from  Salmonella  reduced microvessel density, decreased vascular 
endothelial growth  factor (VEGF) expression and slowed tumour growth in mice 
(Lee et al.  2004  ) . Bacterial transfer of the genes encoding TRAIL and SMAC into 
tumour cells from  Salmonella  has also shown to be effective (Fu et al.  2008 ; Forbes 
 2010  ) . Gene silencing in tumours has also been achieved by transferring plasmids 
encoding small hairpin RNAs (shRNA) from  Salmonella  into cancer cells (Zhang 
et al.  2007 ; Yang et al.  2008 ; Forbes  2010  ) . Future studies will be aimed to bring 
bacterial treatment of cancer back to the clinic.      
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  Abstract   Among the pediatric cancer in developed countries, acute leukemia 
 constitutes major part with affecting 30–45 per 1,000,000 children each year. 
Although one thirds of acute lymphoblastic leukemia cases are curable, but the 
effect of treatment varies with differences in patients clinical, immunologic and 
genetic characteristics. L-asparaginase is among the main drugs used for the treat-
ment of acute lymphoblastic leukemia and certain non Hodgkin lymphoma. 
L-asparaginase has been isolated from various sources including bacteria, algae, 
fungi, plant and mammals. Among these, bacterial asparaginase is most commonly 
used for treatment of ALL. But the effi cacy of every asparaginase preparation varies 
in their activity, effi cacy and side effects. This difference is refl ected between the 
different marketed products even in bacterial asparaginase obtained from two differ-
ent bacteria. Currently, native asparaginase obtained from  E. coli  and  Erwinia chry-
santhemi  are most frequently used, but other products like PEG-asparaginase are 
also gaining popularity for management of ALL. Similarly, development of aspara-
ginase in erythrocytes, asparaginase obtained from sources other than bacteria, and 
recombinant asparaginases are also a subject of research. Present chapter reviews 
the current status of bacterial asparaginase in ALL management, including its potential 
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benefi ts, side effects and future research going in the direction of development of 
L-asparaginase as potential antineoplastic agent.  

  Keywords   ALL  •  Leukemia  •  Bacterial enzymes  •  Asparaginase  •  Chemotherapy  
•   Fusarium   •  Antineoplastic  •  Pegaspargase  

   Abbreviations 

  ALL    Acute lymphoblastic leukemia   
  AML    acute myeloid leukemia   
  BLLOQ    below the lower limit of quantifi cation   
  CLL    chronic lymphocytic leukemia   
  CML    chronic myelogenous (or myeloid) leukemia   
  PEG    poly (ethylene glycol)   
  SPR    surface plasmon resonance         

    10.1   Introduction    

 Cancer remains a major public health problem through out the word. In the year 
2008, the American Cancer Society estimated that 12.4 million cases of cancer are 
diagnosed and 7.6 million deaths occurred due to cancer around the world. With 
these fi gures cancer accounts for one in every eight deaths throughout the world 
(ACS  2010  ) . 

 Nearly all cancers are caused by abnormalities in the genetic material of the 
transformed cells (   Vogelstein and Kinzler  2002  ) . These abnormalities may be due 
to the effects of carcinogens, such as tobacco smoke (Clayson  2001  ) , radiation, 
chemicals or infectious agents (Trichopoulos et al.  1996  ) . Other cancer-promoting 
genetic abnormalities may be randomly acquired through errors in DNA replication, 
or are inherited, and thus present in all cells from birth. The heritability of cancer is 
usually affected by complex interactions between carcinogens and the host’s genome 
(Emery et al.  2001  ) . New aspects of the genetics of cancer pathogenesis, such as 
DNA methylation and microRNAs are increasingly recognized as important. 
Genetic abnormalities associated with cancer typically affect two types of genes. 
First:  cancer-promoting oncogenes , which are typically activated in cancer cells, 
giving those cells new properties, such as hyperactive growth and division, protec-
tion against programmed cell death, loss of respect for normal tissue boundaries, 
and the ability to become established in diverse tissue environments (Hanahan and 
Weinberg  2000  ) . Second:  tumour suppressor genes , which are inactivated in cancer 
cells, result in the loss of normal functions in those cells, such as accurate DNA 
replication, control over the cell cycle, orientation and adhesion within tissues, and 
interaction with protective cells of the immune system (Sherr  2004  ) . 
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 Among these cancers, leukemia is a type of cancer which involves blood and 
bone marrow. It is estimated by National Cancer Institute that, 43,050 cases of leu-
kemia will be diagnosed and 21,840 patients will die due to this disease in 2010 
(Howlader et al.  2010  ) . Leukemia is found to be a most common cause of cancer 
death in males under age 40 and females under age 20 (Jemal et al.  2008  ) . There are 
four most common types of leukemia including acute lymphoblastic (or lymphoid) 
leukemia (ALL), acute myeloid leukemia (AML), chronic lymphocytic leukemia 
(CLL), chronic myelogenous (or myeloid) leukemia (CML). Other forms of leuke-
mia include hairy cell leukemia, chronic myelomonocytic leukemia (CMML) and 
juvenile myelomonocytic leukemia (JMML). 

 Cancer is ranked as second most common cause of death in children aged 
between 1 and 14 years (Jemal et al.  2008  ) . Among the cases of pediatric cancer, 
acute lymphoblastic leukemia (ALL) is most prevalent cancer accounting for 25% 
of all malignancies diagnosed among children below age 15 years. ALL is a major 
scourge in pediatric oncology, and cause considerable catastrophe (Pui  2010  ) . As 
the name suggest, ALL is a malignant disorder of lymphoid progenitor cells. The 
clinical outcome of ALL has been improved remarkably since last 50 years with the 
aid of knowledge in chemotherapy of ALL.  

    10.2   Chemotherapy 

 The word chemotherapy was coined by Paul Ehrlich in twentieth century while 
searching for chemical agent effective in treatment of Syphlis. His observation per-
taining to selective incorporation of certain chemicals in bacterial cells paved the 
way for discovery of many therapeutic modalities for management of bacterial 
infection. Selective incorporation of certain chemical agents was thought to cause 
toxicity in bacterial cells. Ehrlich also warned about the possible human toxicity of 
his Silver bullet (Salvarsan), which was arsenic by chemical nature and used for 
treatment of syphilis (Thorburn  1983  ) . During world war fi rst, nitrogen mustard was 
used as a potential chemical warfare, which was further studied during world war 
second and used for cytotoxicity against cancer cells on the basis of results obtained 
during accidental exposure of mustard gas on normal human beings and resulted 
low WBC count (Hirsch  2006  ) . Consequently, after of discovery of potential cyto-
toxicity of mustard gas against human being and its use in cancer chemotherapy, 
this idea ushered in to a new era of anticancer discovery, where many chemical 
substances otherwise discarded due to their potential toxicities on human being, 
were tested for cancer chemotherapy. 

 Survival in ALL has improved signifi cantly due to specifi c diagnosis overcoming 
the problem of biologic heterogeneity of ALL, risk assessment, and optimization of 
chemotherapy combinations, proper CNS prophylaxis, Treatment of ALL should be 
very urgent and require to be given within few days and sometimes the same day as 
the diagnosis is made. The initial treatment of chemotherapy called induction che-
motherapy. During this treatment, it is necessary that patients should be admitted in 
the hospital for 1 month. 
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    10.2.1   Remission or Induction Chemotherapy 

 The general medicines used for induction treatment of ALL are asparaginase, 
daunorubicin, vincristine, prednisone, and sometimes cyclophosphamide (Cytoxan). 
Intensive supportive care is very necessary during the chemotherapy, including 
transfusion of red blood cells and platelets. Uses of antibiotics are required for both 
prevention and treatment of bacterial and fungal infections. A repeat bone marrow 
biopsy is necessary when blood counts have returned to normal range. A complete 
remission or induction is achieved when the blood cells and bone marrow does not 
show any symptom of persistent leukemia and counting of blood has returned to 
normal scale.  

    10.2.2   Consolidation or Intensifi cation Chemotherapy 

 Consolidation chemotherapy generally includes many cycles of intensive chemo-
therapy given over a 6–9 month period. Frequent hospitalizations are necessary and 
intensive supportive care is still required, including red blood cell and platelet 
transfusions.  

    10.2.3   Maintenance Chemotherapy 

 When patient have completed intensive chemotherapy, they required to take oral 
drugs for about 18–24 months. These oral drugs are usually well-tolerated with only 
minimal side effects. It is necessary to regular check up of patient blood once a 
month while taking chemotherapy drugs. During this stage of maintenance therapy 
most of the patients with ALL can return to their routine work.  

    10.2.4   CNS Prophylaxis 

 ALL frequently can transfer in the spinal fl uid. At this step, it is necessary that a 
needle is inserted between the vertebrae of the lower back and infusing chemo-
therapy directly into the clear spinal fl uid, it is called intrathecal chemotherapy. 
Regularly 6–12 injections of intrathecal chemotherapy are given to prevent recur-
rence of ALL in patients. Most of the patients complete intrathecal therapy within 
2–4 months of starting their treatment. 

 During chemotherapy there are various drugs, which are used for treatment in 
cancer. L-asparaginase is known chemotherapeutic agents against cancer, such as 
acute lymphoblastic leukemia and lymphosarcoma. It is used mainly in the treat-
ment of cancer in children. 



22910 Bacterial Asparaginase: A Potential Antineoplastic Agent…

 L-Asparaginase (E.C.3.5.1.1) is an enzyme which catalyzes breakdown of extra 
cellular L-asparagines into L-aspartate and ammonia in following way (Asselin 
et al.  1989,   1991  ) 

     
2 2 2 2 2 2 3HOOCCH NH CH CONH H O HOOCCH NH CH COOH NH× × × + ® × × + -     

 This enzyme is generally used for the treatment of cancer like ALL (Acute 
Lymphoblastic Leukemia) and NHL (Non-Hodgkin’s Lymphoma) (Capizzi 
et al.  1970  ) .   

    10.3   Biomedical Application of L-Asparaginase 

 L-asparaginase is a known antineoplastic agent, which is used mainly in the treat-
ment of children. Several example of recent research are available concerning the use 
of L-asparaginase in cancer therapy (Muller and Boos  1998 ; Avramis and Panosyan 
 2005 ; Pieters et al.  2011  ) . Leukaemic cells have defi ciency or absence of mammalian 
asparagine synthetase enzyme (Keating et al.  1993  ) . Due to the absence of asparag-
ine synthetase, these cells can not synthesize their own L-asparagine, thus completely 
dependent on external L-asparagine for protein synthesis and survival. So, required 
L-asparagine should be absorbed from out side for survival. For these reasons this 
enzyme is injected intravenously in order to decrease the blood concentration of 
L-asparagine, affecting selectively the new neoplastic cells (Mitchell et al.  1994  ) . 
Due to decrease in serum asparagine concentration, leukemic blast cells are restricted 
in protein synthesis. In consequence, the cells not expressing suffi cient amount of 
asparagine synthetase are killed (Capizzi and Holcenberg  1993 ; Chabner  1990  ) . 

 L-asparaginase has two isozymes (Schwartz et al.  1966  ) : asparaginase I, which 
is found in the cytoplasm and has a low affi nity for L-asparagine (EC1; Km = 3.5 mM) 
and L-asparaginase II, that is a periplasmic enzyme used in the treatment of acute 
lymphoblastic leukemia and in contrast, it is a high-affi nity enzyme (EC2; 
Km = 10 pM). L-asparaginase II is widely distributed in both prokaryotic and 
eukaryotic cells and has been intensively studied over the past few years. 

 The removal of amino group of serum asparagine selectively kills leukaemic 
cells, leaving normal cells having capability to synthesize intracellular asparagines 
(Broome  1968  ) . Moreover, studies of the action of asparaginase upon neoplastic 
cells, led to the introduction of new drugs as well as the combination of asparagi-
nase with drugs of similar modes of action in the clinical treatment of lymphoblastic 
leukemia (Ronghe et al.  2001  ) . 

 L-asparaginases are present in many plants, mammalian and bacterial species, 
but only the enzymes from  E. coli  and  Erwinia chrysanthemi  have been produced 
on industrial scale. Although, the enzyme from these sources have identical mecha-
nisms of action and toxicities, their pharmacokinetic properties are different, and 
patients allergic to one drug have frequently resistant to the other. Though important 
in cancer therapy, the clinical applications of L-asparaginase are often limited by 
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three factors (Wang et al.  2003 ; Woo et al.  2000 ; Chakrabarti and Schuster  1997  ) . 
 First , many side effects are associated with L-asparaginase treatment, including 
immuno suppression and pancreatitis (Wang et al.  2003  ) . There are two types of 
toxic effects, fi rst one which is related to immunologic sensitization to a foreign 
protein and another related to the inhibition of protein synthesis (Wang et al.  2003  ) . 
 Second , about 10% of successfully treated patients suffer a relapse with the appear-
ance of tumours that have resistance against further L-asparaginase therapy.  Lastly , 
long duration treatment with L-asparaginase may improve the growth and survival 
of resistant tumours and increase their metastatic property (Woo et al.  2000  ) . There 
are two possible ways for L-asparaginase resistance have been proposed (Woo et al. 
 2000  ) . The fi rst way is related to an increase concentration in asparagine synthetase, 
which has been found in the blasts cells of patients with acute lymphoblastic leuke-
mia showing resistance against the drug (Asselin  1999  ) . Another way appears to be 
the induction of a host response leading to the production of anti-asparaginase anti-
bodies, which neutralize L-asparaginases impeding their enzymatic activity 
(Chakrabarti and Schuster  1997  ) . A PEG conjugated or PEG  E. coli  asparaginase is 
a better option in patients with prior clinical hypersensitivity to native  E. coli  aspar-
aginase (Inada et al.  1995  ) . PEG-asparaginase has the capability to decrease the 
immunogenicity of the protein, increases its stability in plasma and it is possible to 
use this drug in heavily pretreated patients (Inada et al.  1995  ) . L-asparaginase drug 
therapy may be used alone or in combination with other treatment like–surgery, 
radiation therapy and chemotherapy. 

    10.3.1   L-Asparaginase as Anti-tumour Drug 

 Enzymatic conversion of L-asparagine to L-aspartate and ammonia was fi rst detected 
by Lang  (  1904  )  who observed that L-asparaginase activity is present in several beef 
tissues. Lang’s results were confi rmed by Fürth and Friedmann in  1910 , who stud-
ied the asparagine hydrolysis in horse and pig organs and confi rmed that asparagi-
nase activity exist in all animal tissues. Contradicting results were observed by 
Clementi in  1922 , who showed that asparaginase activity is present only in the liver 
of omnivorous animals (like pig), while organs of carnivorous mammals, amphibi-
ans and reptiles do not contain L-asparaginase at all, where as enzymatic activity 
can be found practically in all tissues only in herbivores. In  1953 , Kidd found that 
guinea pig serum inhibited a number of transplantable lymphomas in mice and rats 
as well as certain spontaneous and radiation-induced leukemia in mice. Clementi’s 
discovery of L-asparaginase activity in the blood of guinea pig was brought to light 
again after 40 years. Broome  (  1961  )  also presented some evidence that the anti 
cancerous element in guinea pig serum was L-asparaginase. Sensitive tumour cells 
are unable to synthesize L-asparagine (Broome  1963 ; Boyse et al.  1967 ; Sobin and 
Kidd  1965  )  and so there is inhibition of protein synthesis in sensitive cells in the 
absence of L-asparagine due to L-asparaginase (Haskell and Canellose  1969  ) . 
Normal cells are able to synthesize and do not dependent upon exogenous supply of 
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L-asparagine (Broome  1963  ) . Sensitive cells have very low activity of asparagine 
synthetase, whereas resistant tumours have high enzyme levels (Haskell and Canellose 
 1969 ; Keefer et al.  1985  ) . In man, there is no much difference in L-asparagine syn-
thetase content between sensitive and resistant leukaemic cells. However, when 
L-asparaginase is injected, the amount of asparagine synthetase is increased in resis-
tant cells but in sensitive cells there is no change (Haskell and Canellose  1969  ) . So, 
there is generation of differential cytotoxicity after administration of L-asparaginase 
(Worton et al.  1991  ) . In sensitive cells, very rapid inhibition of protein synthesis 
take place during L-asparaginase treatment (Bartalena et al.  1986 ; Villa et al.  1986  )  
as well as delayed inhibition of DNA and RNA synthesis (Sobin and Kidd  1965 ; 
Becker and Broome  1967  ) . Inhibition of incorporation of L-asparagine (Asn), which 
caused alterations in protein and nucleic acid metabolism of the 6C3HED lym-
phoma cells by the guinea pig asparaginase, was found to be responsible for the 
tumour growth inhibition (Sobin and Kidd  1966 ; Kidd and Sobin  1966  ) . The fi nal 
proof that asparaginase was the tumour-inhibitory agent of guinea pig serum was 
furnished by other investigators who isolated the enzyme to homogeneity as judged 
by immunoelectrophoresis and demonstrated that it was strongly inhibitory to lym-
phoma tumours (Yellin and Wriston  1966  ) . Furthermore, other researchers found 
that  E. coli  yielded preparations inhibited tumours, but other bacterial asparaginases 
were either less active or completely inactive (Mashburn and Wriston  1964 ; Broome 
 1965  ) . Subsequently, the native  E. coli  asparaginase was then developed as a drug for 
use in patients. 

 L-asparaginase has capability to block the cell cycle in human leukaemic cell 
line of Jurkat T cell at the phase between G1 and S but did not inhibit the cell cycle 
of resistant cell line (Takase et al.  1985  ) . Some workers suggested a link between 
L-asparaginase and L-asparaginyl t-RNA concentration (Waye and Stenner  1981  ) . 
Some sensitive cells have an asparaginyl t-RNA that is not found in resistant cells, 
but these data remained inconclusive (Waye and Stenner  1981  ) .  

    10.3.2   General Mechanism of Reaction Catalyzed 
by L-Asparaginase 

 The study of catalytic reaction of L-asparaginases has been compared with classic 
serine proteases, in which activity depends on a set of amino acid residues, typically 
Ser-His-Asp, known as the “catalytic triad” (Carter and Wells  1988  ) . This set con-
tains a nucleophilic amino acid (Ser), a general base (His), and an additional acidic 
residue (Asp), all linked by a chain of hydrogen bonds. It is two step reactions. In 
the fi rst step, the enzyme’s nucleophile become activated through a strong O-H…B 
hydrogen bond to an adjacent basic residue, attacks on the Carbon atom of the 
amide group of substrate, leading through a tetrahedral transition state which form 
an acyl-enzyme intermediate product. A negative charge develops on the “Oxygen” 
atom of the amide group during the transition state which is stabilized by interac-
tions with adjacent hydrogen bond donors. These conditions lead to formation of 



232 A. Shrivastava    et al.

celestial sphere or constellation of those donors (which typically are main-chain 
N–H groups) and it is known as the “oxyanion hole”. During the second step of the 
reaction C atom of the ester is attacked by a nucleophile activated water molecule. 
All these condition has been shown in an imaginary fi gure (Fig.  10.1 ). A suitable 
general base is also required for the activation of the nucleophilic residue.  

    10.3.2.1   Biochemistry and Mechanism of Action Catalyzed 
by L-Asparaginase 

 Enzymes are the natural, ideal catalysts, much more effi cient and specifi c in their 
reaction for a given substrate in comparison to any artifi cial man made catalyst. 
However, enzymes of pharmaceuticals importance have unique requirements, such 
as purity of bacterial enzymes. These bacterial proteins must be purifi ed extensively 
to eliminate toxicities and to minimize immunogenic reactions, and these proteins 
should have limited bio distribution and rapid elimination from circulation (Capizzi 
and Holcenberg  1993  ) . The L-asparaginase from  E. coli  and  Erwinia  were purifi ed 
and used as an antileukaemic agent experimentally in patients (Clavell et al.  1986 ; 
Story et al.  1993  ) . This enzyme has high potential against children’s acute lympho-
blastic leukemia (Hill et al.  1967 ; Oettgen et al.  1967  ) . Several researchers have 

  Fig. 10.1    Schematic representation of L-asparaginase activity       
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studied asparaginase production and purifi cation in attempt to minimize impurities 
that produce allergenic reactions and other side effects (Campbell et al.  1967 ; Boss 
 1997 ; Gallagher et al.  1989  ) .  E. coli  contains two enzymes, EC1 expressed consti-
tutively (Km 5 mM) and another EC2 induced by anaerobiosis (Km 12.5  m M); only 
the second show antineoplastic activity (Schwartz et al.  1966  ) . Due to the low Km 
of EC 2 the enzyme can persist suffi ciently long in the circulation of the recipient 
animal for effective anti-tumour action. Now there is a clear understanding that 
asparaginase was attacking cancerous cells on the basis of affecting nutritional 
requirement caused by the lack of asparagine. Thus, use of L-asparaginase combin-
ing with the other drugs like cytosine arabinoside (ara-C) and 6-mercaptopurine 
(6-MP) or thioguanine (6-TG) and daunomycin with vinca alkaloids was helpful to 
achieve the 50 days cures in mice (Broome  1981 ; Burchenal and Karnofsky  1970  ) . 
Asparagine depletion or nutritional deprivation after asparaginase treatment may 
cause the signifi cant changes in the absolute pool sizes, especially of ATP, UTP, and 
CTP. Some experiments suggested that consumption of the growth medium after 
one hour of asparaginase action inhibited the conversion of external uridine to CTP 
by the cells. In 6C3HED lymphoma cells, the uridine nucleotide pool, which forms 
the immediate precursors of RNA, provided a system which is in rapid equilibrium 
with externally supplied nucleosides (Goody and Ellem  1975  ) . Intact bacterial 
native enzyme has molecular weight of 140 kDa ± 3.3 kDa with no signs of associa-
tion or dissociation, or polymerization through analytical sedimentation equilibrium 
(Holcenberg and Teller  1976 ; Chabner and Loo  1996  ) . Similar molecular weight 
(134 kDa) was also calculated for asparaginase with glutaminase activity from 
 E. coli  and other microbes. Glutaminase-asparaginase of  Pseudomonas  7A contain 
four subunits with a molecular weight of 36 kDa ± 0.5 kDa using sedimentation 
equilibrium and 34 kDa through amino acid analysis.  

    10.3.2.2   More on the Mechanism of Action of L-Asparaginase 

 As mentioned earlier, asparaginase shows its antileukemic effect on neoplastic cells 
through rapidly completing conversion of asparagine to aspartic acid and ammonia 
in blood. Although asparagine is not an essential amino acid, but thymus, and T-cell 
types of leukemia depend on extracellular sources of asparagine for their protein 
synthesis due to lack of this amino acid. Approximately 50  m M asparagine present 
in the serum at steady state level which is produced from ingested food nutrients 
and via  de novo  pathway in the liver through the reaction of aspartic acid and 
ammonia (from glutamine, Gln) by the enzyme asparagine synthetase (AS) in 
mammalian cells (Avramis et al.  2002 ; Panosyan et al.  2004  ) . Some ALL patients 
show the drug resistance against L-asparaginase due to increase in concentration of 
AS in the liver as well as in the leukemia cells, so that ultimate result is suffi cient 
levels of asparagines for protein synthesis. The high concentrations of asparagines 
in serum are responsible for higher rates of relapsed ALL in children (Gaynon 
 2005 ; Jarrar et al.  2006  ) .    
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    10.4   Micro Organisms Associated with L-Asparaginase 
Production 

 L-asparaginase has been found in variety of bacteria, fungi, yeast, plants and mammals. 
L-asparaginase II produced by a large number of microorganisms such as  E. coli  
(Khushoo et al.  2005 ; Derst et al.  1994  ) ,  Erwinia carotovora  (Aghaiypour et al. 
 2001 ; Borisova et al.  2003  ) ,  Erwinia chrysanthemi  (Kotzia and Labrou  2007  ) , 
 Enterobacter aerogenes  (Mukharjee et al.  2000  )   Pseudomonas aeruginosa  
(El-Bessoumy et al.  2004  ) , and a large number of gram positive and gram negative 
bacteria (Law and Wriston  1971  ) . L-asparaginase with antineoplastic activity have 
been reported from  E. coli  (Bagert and Rohm  1989  ) ,  Erwinia aroideae  (Peterson 
and Ciegler  1972  ) ,  Erwinia carotovora  (Lee et al.  1989  ) ,  Proteus vulgaris  (Tosa 
et al.  1971 ),  Citrobacter freundii  (Davidson et al.  1977  ) ,  Vibrio succinogenes  
(Distasio et al.  1976  ) ,  V. proteus  (Sinha et al.  1991  ) ,  Azotobacter vinelandii  (Gaffar 
and Shethna  1975  )  and  Pseudomonas aurantiaca  (Lebedeva et al .   1988  ) . 

 A large number of substrates were screened for the better source of enzyme like 
plant leaves (Sieciechowicz et al.  1988a,   b ; Sieciechowicz and Ireland  1989  ) , Yeast 
(Imada et al.  1973  )  and fungi (De-Angeli et al.  1970  ) . 

 Although, L-asparaginase is a potential antineoplastic agent (Mashburn and Wriston 
 1964  ) , only few purifi ed asparaginase showed antineoplastic activity (Wriston and 
Yellin  1973  ) . It has been observed that anticancerous activity of asparaginase is present 
in few gram negative bacteria (Law and Wriston  1971  )  and fungi (Raha et al.  1990  ) . 
Recently L-asparaginase from  Fusarium solani  was also purifi ed which shows antican-
cerous activity (Shrivastava et al.  2010  ) . Although these experiments are in initial 
stage, further advancement is necessary to use this agent for therapeutic purpose. 

    10.4.1   Bacterial Asparaginase 

 Bacterial asparaginase has been studied in detail, because other microbes did not 
show appreciable enzyme activity for clinical trials (Selvakumar  1979  ) . Among 
these, asparaginase from  E. coli  is most extensively studied and commonly used for 
therapeutic purposes. 

 In many microorganisms there is existence of more than one form of asparagi-
nase, which differs in their physicochemical properties like heat stability, Km value, 
pH maxima and inactivation by inhibitor (Whelan and Wriston  1969  ) . For example 
 E. coli  have two type of asparaginase, known as EC1 and EC2 (Campbell et al. 
 1967  ) . Only EC2, which is present in periplasmic space, show relatively heat stabil-
ity and high affi nity for substrate as well as anti-neoplastic activity (Campbell et al. 
 1967  ) . Similarly, two form of asparaginase are present in  Mycobacterium tubercu-
losis  and three forms exist in  Citrobacter freundii,  but only one form of both micro-
organisms show anti-cancerous activity. 

  E. coli  asparaginase has molecular weight about 1,20,000–1,50,000 Da (Hellman 
et al.  1983  )  and it consist of four subunit with 30,000–35,000 molecular weight of 
each (Holcenberg et al.  1978  ) . 
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 In  E.coli  asparaginase, tyrosine and histidine residues are reported to be present 
in active site (Bagert and Rohm  1989  ) . Lebedeva et al.  (  1988  )  showed that presence 
of carboxyl group in active site is essential for binding of substrate in  Pseudomonas 
aurantiaca  asparaginase. 

 For therapeutic purpose, the most important requirement of L-asparaginase is 
that, its isolation should be relatively easy, the enzyme should be stable at physio-
logical pH and temperature, it should have low Km value and enzyme should not 
show feed back inhibition. The affi nity of enzyme toward its substrate is considered 
as most important factor, which is responsible for anti-neoplastic activity of 
L-asparaginase (Lebedeva et al.  1988  ) . L-asparaginase from  E. coli  and other 
microbes have high anti-leukemic activity with very low K 

m
  value in the range of 

1–5 × 10 −5  M, whereas L-asparaginase with non antineoplstic activity present in 
 Bacillus coagulans  has a very high K 

m
  value with 4.4 × 10 −3  M (Law and Wriston 

 1971  ) . Relationship between antitumour activity and half life of L-asparaginase has 
been proven in various experiments (Alpar and Lewis  1985 ; Ho et al.  1988  ) . It has 
been demonstrated in mice, that L-asparaginases from  E. coli  and guinea pig serum 
have half life 2.5 and 19 h respectively. Though, both contain high antineoplastic 
activity but L-asparaginase from other sources with low antitumour activity are rap-
idly disappeared from plasma (Adamson and Fabro  1968  ) . Immobilized enzyme 
increases its serum half lives (Alpar and Lewis  1985 ; Ho et al.  1988  ) . 

 The use of inhibitor of glutamine or asparagine synthesis along with asparagi-
nase treatment increases its therapeutic effi ciency (Prager et al.  1982 ; Capizzi and 
Cheng  1981  ) . Nowadays, L-asparaginase is administered intravenously at a dose of 
200–1,000 IU/Kg/Day for 1 month for the treatment of ALL and other related can-
cer (Capizzi et al.  1970  ) . 

    10.4.1.1   Side Effect of Bacterial Asparaginase 

 There are various side effects associated with asparaginase treatment like hypersensi-
tivity reactions, hepatotoxicity, pancreatitis, coagulation disorders, and hyperglyce-
mia (Cairo  1982  ) . The toxic effects are related to immune reactions against the 
bacterial protein and to the effects of depletion of L-asparagine, and later on inhibition 
of protein synthesis in major glands like the liver and pancreas. These allergic reac-
tions are the major toxicities, which can be produced primarily due to formation of 
anti-asparaginase antibodies in circulation. During the study of high risk ALL patients, 
it was observed that clinical allergy and high titer antibodies were very common with 
the augmented regimen on CCG-1961 (Avramis et al.  2002 ; Panosyan et al.  2004  ) . 

      Hypersensitivity 

 Immunologic reactions caused by exposure to bacterial proteins can be quite com-
mon and may range in severity from localized, transient erythema and rash at the 
site of injection to urticaria, respiratory distress, and acute life-threatening anaphy-
laxis. Clinical symptoms of asparaginase hypersensitivity reactions includes, allergic 
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reactions, anaphylaxis (rare), serum sickness, itching and swelling of extremities, 
edema, urticaria and rash, broncospasm, localized or generalized erythema and 
other clinically related reactions. Other toxicities related to asparaginases treatment 
include, organ toxicities, liver dysfunction, pancreatitis and related hyperglycemia, 
ketoacidosis, glucosuria, cerebral dysfunction, decreased protein synthesis, hypofi -
brinonemia, hypercoagulable state-coagulopathies, hypoalbuminemia (Avramis and 
Tiwari  2006  ) . 

 Development of hypersensitivity reaction and inactivation of L-asparaginase by 
antibodies is evident in up to 60% cases with  E. coli  asparaginase. In fact, the pegy-
lated    form of  E. coli  L-asparaginase is not free from such adverse reaction. 
Consequently, the patients developing hypersensitivity reaction for one asparagi-
nase formulation is shifted to another (Pieters et al.  2011  ) . But the options for such 
shift are very limited, and necessitate the development of better asparaginase formu-
lation with little adverse effect. This requirement urged for searching asparaginase 
potential in fungi, plant and mammals (Shrivastava et al.  2010  ) .  

      Coagulation Disorder 

 Asparaginase therapy leads to severe acquired defi ciency of serpin (inhibitor of 
serine protease) class of proteins including, antithrombin and  a  a 1 antitrypsin. It 
has been estimated that, 2.1–15% children and adults develop these complication 
after receiving native asparaginase preparation, while this risk is limited to 1.1–4% 
with pegylated form of asparaginase (Nowak-Göttl et al.  2003 ; Holle  1997  ) . 
Antithrombin is a major protein involved in physiological inhibition of thrombin 
and other coagulation factor like IXa, Xa, XIa as well as factor VII. Antithrombin 
forms irreversible link with enzyme inhibiting its proteolytic activity (Jakubas et al. 
 2008  ) . It has been reported that L-asparaginase induces conformational changes in 
antithrombin molecule leading to loss of its activity and formation of protein aggre-
gate accumulated in ER cisterns (Hernandez-Espinoza et al.  2006  ) . The adverse 
side events related to coagulation disorders are also produced due to effect of drug 
on protein synthesis, including reduction in antithrombin, fi brinogen, plasminogen, 
and factors IX and X with prolongation of activated partial thromboplastin time 
(Mitchell et al.  1994 ; Miniero et al.  1986  ) . These complications are believed to be 
due to several mechanisms, including vessel wall damage by the catheter itself, as 
well as the chemotherapeutic agent. 

 Defi ciencies of protein C and S have also been observed as a result of 
L-asparaginase treatment (Athale and Chan  2003 : Nowak-Gottl et al.  2001  ) . These 
abnormalities cause the excess thrombin levels and may increase the risk for bleed-
ing or thrombosis. Hypofi brinogenemia has been reported to occur anywhere from 
15% to 65%. Asparaginase therapy may affect the hemostatic system indirectly 
through the effect of supportive care (Athale and Chan  2003  ) , for example, central 
venous line catheters used during treatment may cause thrombotic complications 
(Revel-Vilk  2006  ) .  
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      Pancreatitis, Hyperglycemia, Hepatotoxicity 

 The causes of these side effects are not well defi ned but may possibly arise due to 
any abnormality in protein synthesis. Hepatotoxicity may involve glutamine defi -
ciency, oxidative stress, decreased hepatic protein synthesis, and later on impair-
ment of beta-oxidation in mitochondria (Bodmer et al.  2006 ; Fromenty and Pessayre 
 1995,   1997  ) . Histological results are rarely reported in patients who develop liver 
abnormalities while being treated with asparaginase. However, instances of macro- 
and microvesicular liver steatosis have been described (Bodmer et al.  2006 ; Sahoo 
and Hart  2003  ) . Microvesicular steatosis can lead to liver failure and coma and may 
be fatal in certain cases. 

 L-asparaginase therapy cause signifi cant increase in pancreatic amylase and 
lipase. L-asparagine is involved in synthesis inhibition of above mentioned enzymes. 
In the absence of L-asparagine, severe complications emerge in pancreas (Jakubas 
et al.  2008  ) . L-asparaginase can adversely affect both the endocrine (insulin-secret-
ing) and exocrine (digestive enzyme-secreting) cells of the pancreas. Some patients 
develop signs and symptoms of diabetes due to decreased synthesis of insulin. 

 Beside above mentioned complications, L-asparaginase therapy may also causes 
CNS related symptoms. These include drowsiness, hallucination, and amentia in some 
individuals. The reduced level of L-asparagine and/or L-glutamine in cerebral tissues 
is proposed to be a reason behind these complications (Chabner and Loo  1996  ) .   

    10.4.1.2   Adverse Effects by Asparaginase Formulations 

 Three types of asparaginase preparations are available, fi rst one native L-asparaginase 
from  Escherichia coli  (native L-asparaginase, Elspar, Merck), second  E. coli  
L-asparaginase conjugated with polyethylene glycol (PEG) (pegaspargase, 
Oncaspar, Enzon) and third is L-asparaginase produced from the plant bacteria 
 Erwinia chrysanthemi  ( Erwinia  L-asparaginase, Erwinase).These L-asparaginase 
are approved and available in Europe and United States manufactured by EUSA 
Pharma (Earl  2009  ) . 

 The Kyowa-Hakko native asparaginase preparation is also available in market 
under different brand names, like Crasnitin TM  and Medac TM  in Europe and Asia. 
All these asparaginases have bacterial origin, which act by deamenating the amino 
acids asparagines and Glutamine (Holcenberg and Teller  1976 ; Capizzi and 
Holcenberg  1993 ; Avramis et al.  2002 ; Panosyan et al.  2004  ) .  

      Comparison of Hypersensitivity Reaction with Different Aspararaginase 
Preparation 

 L-asparaginase is covalently bind with PEG, blocks potentially immunogenic 
epitopes without obstructing the substrate-interaction site, and so that reduce the 
tendency for dose-limiting hypersensitivity without functional cooperation 
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(Abuchowski et al.  1984  ) . This property makes it as a better substituent of native 
L-asparaginase. Similar results were obtained while comparing L-asparaginase 
isolated from  Erwinia  and  E. coli.  Native  E. coli  L-asparaginase was associated 
with more allergic reactions than  Erwinia  L-asparaginase (14% vs 6% respectively, 
 P  = 0.03) according to the protocol of Dana-Farber Cancer Institute (Moghrabi 
et al.  2007  ) .  

      Comparison of Hepatotoxicity Reaction with Different Aspararaginase 
Preparation 

 In the study of Children’s Cancer Group CCG-1962 trial, no patients receiving 
pegaspargase exhibited abnormal liver function, compared with 7% of patients 
receiving native L-asparaginase (e.g., aspartate aminotransferase, alanine amin-
otransferase, or alkaline phosphatase >1.5 times the normal value, or total bilirubin 
>1.5 times the normal value) (Avramis et al.  2002  ) . While  Erwinia  L-asparaginase 
also showed low frequency of liver dysfunction (24%) in comparison to native 
(50%) and PEG (58%)- asparaginase (Dhall et al.  2008  ) .  

    10.4.2   Recent Improvement in Bacterial L-Asparaginase 

 L-asparaginase is an antileukemic agent. These proteins awake the immune response 
due to bacterial origin of this enzyme, so observation of anti-asparaginase antibodies 
and its antigen-neutralizing activity may be helpful in prognosis but it is not very 
sensitive method (Panosyan et al.  2004  ) . Recently enzyme-linked immunosorbent 
assay (ELISA) was developed and used for therapeutic monitoring to support clinical 
trials and for the evaluation of anti-asparaginase antibodies in patients (Panosyan 
et al.  2004 ; Avramis et al.  2009  ) . But one drawback of this method is the uncertainty 
of below the lower limit of quantifi cation (BLLOQ) by ELISA alone in patients with 
evident clinical allergy symptoms and this limitation need to be clarifi ed. At the same 
time, one SPR (surface plasmon resonance) chip based bioassay method was devel-
oped. In this CM5 sensor chip human  E. coli  asparaginase, pegaspargase and Erwinase 
enzymes were covalently attached to the carboxy-methylated dextran matrix. This 
method shows high specifi city, sensitivity and reproducibility of the RU (resonance 
units). The bioassay method was ten times more sensitive than the ELISA antibodies 
assay. The results of some experiments demonstrated that the SPR assay could detect 
approximately 10-fold lower concentration of weak affi nity antibodies, at which the 
antibodies could be washed away in the ELISA assay. SPR method is very fast occur-
ring in 300 s whereas ELISA which is an end-point analysis needs 24 h. Furthermore, 
the SPR method also inform about the subtype of antibodies (IgG). 

 In the last, due to the very high sensitivity of the SPR bioassay chip, the probabil-
ity of false-negative results was decreased. Overall these studies inform that SPR 
assay method detects very rapidly, with high specifi city and more accuracy against 
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asparaginase than the ELISA method and it is now used to determine immunogenicity 
in cancerous samples (Avramis et al.  2009  ) .    

    10.5   Conclusion 

 L-asparaginases are an essential element of treatment protocols for acute 
lymphoblastic leukemia for nearly 40 years. It is used in remission induction and 
intensifi cation steps of ALL management. The effect of L-asparaginase is to decrease 
concentration of amino acid L-asparagine, which is necessary for cancer cells due 
to their inability to synthesize such amino acid. Currently three L-asparaginase 
preparations are available for clinical use.  E. coli  native asparaginase, pegylated 
form of  E. coli  asparaginase (Pegasparaginase) and the last one in the L-asparaginase 
isolated from  Erwinia chrysanthemi . The effi cacy and adverse reaction associated 
with different formulations of L-asparaginase varies with different factors. Although, 
this enzyme has been a cornerstone in the management of ALL, but the side effects 
associated with these formulations should be controlled. Present research in the 
direction of fi nding better substitute of asparaginase led to the detection of this 
activity in fungi. Fungi are evolutionary close in comparison to bacteria, perhaps 
the development of fungal asparaginase may involve less adverse reactions in 
comparison to bacterial asparaginase. But as far as present situation is concerned, 
the bacterial asparaginases are an integral element for management of ALL. It is the 
infl ux of asparaginase and other suitable chemotherapeutic modalities in cancer 
management, due to which the life expectancy of ALL patients has signifi cantly 
increased.      
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  Abstract   Can bacteria evolve anticancer phenotypes when growing together with 
cancer cells? Three hypotheses have been developed to address this question. First, 
based on an analogy of bacterial biofi lm development from planktonic cells to car-
cinogenesis from metastatic cells, there seems to be an evolutionary relationship 
between bacteria and cancer. Such an analogy in lifestyle suggests that bacteria and 
cancer may compete with each other while encountering nutrient needs or anti- 
proliferation drug treatment. These thoughts lead to the second hypothesis that bacteria 
can form biofi lms on cancer cells under treatment of DNA replication inhibitory anti-
cancer drugs, thereby impairing metastasis. Under such treatment, bacteria may be 
able to adhere to and invade into cancer cells—thus resulting in advantageous bacterial 
phenotypes—so that bacteria survive the drug attack. This hypothesis proposes that 
bacteria, growing with cancer cells and replication inhibition drugs, undergo the SOS 
response through which the evolution of the anticancer phenotypes is facilitated.  

  Keywords   Bacteria  •  Biofi lms  •  Infections  •  SOS  •  Bacterial attachment  •  Bacterial 
invasion  •  Cancer  •  Anticancer drug  •  Anticancer therapy  •  Metastasis  •  DNA repli-
cation inhibitors  •  DNA damage  •  Proteins  •  Proteomics  •  Molecular evolution  
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    11.1   Introduction    

 Would bacteria always be a human’s deadly enemy? Bacteria are very small organisms, 
usually consisting of single cell, lacking a nucleus, and organelles such as mitochon-
dria and chloroplasts, yet having an intriguing life cycle (Weitao and Nordstrom  2010  ) . 
Many bacteria are so tiny that a million of them, laid end-to-end, would measure no 
more than about 5 cm (2 in.). Bacteria are found everywhere, in air, soil, water, and 
inside our body and on our skin, though we cannot visualize them with naked eye. It is 
amazing to know that microbes cover most of our body; in fact, the ratio of bacterial 
cells to our body cells is 10:1 approximately. When we hear the word bacteria, often 
negative side of falling sick comes to our mind, because certain bacteria act as patho-
gens, causing infectious diseases, such as tetanus, typhoid fever, pneumonia, syphilis, 
cholera, food-borne illness and tuberculosis. Also, harmful bacterial toxins in food 
cause botulism, which can lead to paralysis or even death. However, not all bacteria are 
harmful. Certain types of bacteria live in the intestines and on the skin of human beings 
as normal fl ora, not only providing essential vitamins, but also protecting humans from 
pathogenic bacteria. Importantly, bacteria have been exploited by industries, to produce 
a variety of benefi cial things including antibiotics, cheese, ethanol etc. Could bacteria 
be further exploited and turned into anticancer therapeutics? This question will make a 
new and interesting turning point in the journey to fi ght cancer. 

 Cancer as we all know burdens the healthcare system signifi cantly. For example, 
the population of breast cancer survivors currently is estimated to be 2.5 millions in 
the United States; of these patients, 65% have survived for more than 5 years since 
their initial diagnosis (Ries et al.  2009  ) . Such intimidating lethality was well docu-
mented to be attributed to cancer invasion and metastasis. Metastasis, which is the 
cause of 90% of deaths from solid tumours, is a process in which cancer cells 
migrate to distant sites and adapt to the tissue microenvironment from the primary 
cancer. The cancer prognosis becomes unpredictable if invasion and metastases 
have occurred before surgical removal of the primary cancer. However, if invasion 
and metastases are inhibited or blocked, cancer can be no longer life threatening. 

 Understandably, a variety of strategies using live agents to curb metastasis and 
cancer progression have been the focus of intense anticancer research. Among the 
strategies, viruses have been administered for cancer treatment over decades (Liu 
et al.  2007  ) , and oncolytic viruses are being developed as anticancer drugs (Russell 
and Peng  2007  ) . Yet, the key hurdles are low specifi city of the microbial agents for 
cancer cells, immunity barrier to the clinical effi cacy, and high-risk infections for 
patients. These hurdles have hindered the clinical advancement towards cancer 
treatment (Power and Bell  2007  ) . Attempts were also made to administer live bacteria 
to control cancer progression (Coley  1991 ; Nauts et al.  1946  ) . Later on, attenuated 
bacteria have been used as vehicles to deliver a variety of protective agents into 
cancer hosts (Chakrabarty  2003 ; Roland et al.  2005  ) . Additionally, certain bacteria 
have tumour fi nding nature defi ned as the ability to replicate inside tumour cells 
preferentially where the intracellular bacteria may evade host immunity (Yu et al. 
 2004  ) . These approaches with bacteria so far have relied mostly on host immunity 
to indirectly impair cancer cells. However, such strategies that depend on host 
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 immunity and tumour fi nding nature are unlikely to effectively control cancer 
metastasis and progression, because the immune defense of cancer patients is often 
impaired (Lehrnbecher et al.  2008  ) , and infections are usually fatal, and the innate 
immune response though elicited by the bacteria is unspecifi c and short lived. Due 
to the fatal infections together with the defi cient immunity, research to advance 
bacterial anti-cancer approach has been neglected. 

 Present chapter aims to address the neglected issue and to set a new direction 
towards bacterial evolution against cancer. We begin this chapter by discussing how 
bacteria form biofi lms in response to the replication stress which leads to a hypothesis 
of evolutionary relationship between bacteria and cancer (Weitao  2009a  ) . Although 
we focus mainly on the response of bacteria to an anti-proliferative drug hydroxyurea, 
the concept discussed applies to other replication inhibitors as well. We then describe 
how bacterial macromolecules released during anticancer treatment can result in the 
formation of biofi lms against cancer metastasis (Weitao  2009b  ) . Finally, we shall confront 
the riveting question whether bacteria can evolve anticancer phenotypes by using 
our understanding of the bacterial SOS response against DNA replication inhibitors 
(Dallo and Weitao  2010  ) . In the later part of the chapter we present the hypothesis: bacteria 
when grown along with cancer cells, generate novel anticancer phenotypes by under-
going SOS response induced by anticancer drugs (Dallo and Weitao  2010  ) .  

    11.2   Multicellularity of a Unicellular Organism 
in Response to DNA Replication Stress 

    11.2.1   Bacterial Biofi lm vs. Cancer 

 Bacteria were traditionally thought of as unicellular organisms that grow strictly as 
free living (planktonic) cells. However, under certain conditions bacteria behave 
like multi-cellular organisms, forming multi-cellular communities―biofi lms, which 
involve active communication and cooperation among cells. Such behavior may 
underscore their evolutionary relationship to multi-cellular organisms; this thought 
has led to a futuristic hypothesis of whether biofi lm development from planktonic 
cells is analogous to carcinogenesis from metastatic cells.  

    11.2.2   A New Mechanism for Biofi lm Development 
in Response to DNA Replication Inhibitors 

 The aforementioned analogy could be derived from computer simulations of bio-
fi lms. Two growth strategies have been suggested  in silico  for bacteria (Kreft 
 2004  ) — h igh growth  r ate but  l ow  y ield (HRLY) and  l ow growth  ra te but  h igh  y ield 
(LRHY)—where the growth rate is defi ned as biomass formation per unit of time, 
and the yield as biomass generation per amount of resources consumed. Planktonic 
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cells tend to grow at maximum growth rates during exponential phase whenever 
nutrients are available, characteristic of HRLY cells that consume resource egoisti-
cally to gain the short-term advantage. In contrast, LRHY subpopulations would 
utilize resources ecologically for the long-term advantage. Based on such reason-
ing, it can be predicted that cells in biofi lms may grow more slowly than cells in a 
planktonic subpopulation; in fact,  Pseudomonas aeruginosa  grows planktonically 
at a higher rate than stagnantly in biofi lms. Because of the long-term advantage, 
LRHY may render biofi lms predominant in nature (Kreft  2004  ) . While comprehen-
sive empirical evidence for this model is lacking, we hypothesized that selectively 
impairing HRLY favors LRHY biofi lm formation. 

 To test this hypothesis, we used DNA replication inhibitor hydroxyurea. 
Hydroxyurea inhibits ribonucleotide reductases, which are essential for  de novo  syn-
thesis of deoxyribonucleoside triphosphates (dNTPs), a rate-limiting step in DNA 
biosynthesis. In  Escherichia coli , hydroxyurea treatment results in intracellular dNTP 
depletion, which arrests DNA replication. This arrest may be differentially harmful to 
highly proliferating HRLY cells for the following reasons. HRLY bacteria can grow 
so quickly that their doubling time is shorter than the time needed to complete chro-
mosomal replication. Consequently, ongoing rounds of replication cannot be com-
pleted at cell division and must be carried over to the next generation, leading to 
multiple replication forks in a single cell. If a cell over-initiates replication and gener-
ate multiple forks, arrest would occur at the multiple forks under dNTP depletion 
conditions causing DNA damage beyond the repair capacity and eventually growth 
arrest. This notion is evidenced by a study with  dnaA  (cos) mutants that over-initiate 
replication and therefore become susceptible to hydroxyurea (Nordman et al.  2007  ) . 
Hence, HRLY cells would be susceptible to hydroxyurea. 

 We therefore tested the hypothesis with hydroxyurea, asking whether hydroxyurea 
suppresses HRLY planktonic cells of  P. aeruginosa  but induces LRHY biofi lm forma-
tion. This hypothesis receives support from the work of Gotoh et al.  (  2008  ) , showing 
inhibition of planktonic growth of  P. aeruginosa  but induction of biofi lm formation in 
the presence of hydroxyurea and involvement of a second messenger bis-(3 ¢ –5 ¢ )-cyclic 
dimeric guanosine monophosphate (c-di-GMP) signaling. Treatment of bacteria with 
the replication inhibitor also induces a transcriptional response of bacteria to DNA 
damage known as the SOS response. While evidence for the link of c-di-GMP signal-
ing to the SOS response is lacking, it is worth future investigation as to whether bio-
fi lms are induced through a network of c-di-GMP signaling and the SOS response.  

    11.2.3   Analogous Behaviors of Biofi lms and Cancer 
Encountering DNA Replication Inhibitors 

 Moreover, one of the far-reaching implications from the study above seems to be 
the analogous effects of hydroxyurea treatment of bacteria and of cancer. Analogies 
can be drawn between planktonic bacteria and metastatic cells, and between biofi lm 
and solid tumour development. Like planktonic bacteria, some types of cancer cells 
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that vigorously proliferate can be viewed as HRLY in a broader sense. Cancer cells 
that have escaped from the proliferation controls are characteristic of the HRLY 
bacteria. Cancer cells compete with the surrounding normal cells for nutrient uptake 
and waste removal, and their uncontrolled growth behavior enables them to expand 
and invade, much like invasion of the LRHY communities by the HRLY (Kreft 
 2004  ) . Understandably, “hyper-tumours” would gain a short-term advantage by 
growing quickly and egoistically through exploiting the developed vasculature sys-
tem until they die due to the lack of further angiogenesis—an analogy to the short-
term advantage of the HRLY bacteria. 

 Hydroxyurea has been historically used to treat myeloproliferative diseases. In 
fact, the drug has been generally recommended as the fi rst line of treatment for 
essential thrombocythemia and polycythemia vera, rather than for advanced 
slowly growing solid tumours. While the mechanisms behind the recommenda-
tion are poorly understood, the slowly growing tumours can be viewed as LRHY 
and accordingly are refractory to hydroxyurea, but a fraction of cells in certain 
hematopoietic diseases and metastatic populations can have planktonic HRLY 
behavior in bloodstream and consequently are susceptible. This assumption is 
evidenced by a study showing that treatment of such a slowly growing tumour as 
meningioma with hydroxyurea has only a marginal benefi t, but the treatment of 
migrating and proliferating murine fi brosarcoma shows greater inhibitory effects 
(Haug et al.  1993  ) .  

    11.2.4   Evolutionary Relationship Between Bacterial 
Biofi lms and Cancer 

 In conclusion, hydroxyurea, an antiproliferative drug for tumour treatment, induces 
multicellularity of  P. aeruginosa  via impairing planktonic proliferation. Apparently, 
the planktonic cells are susceptible while the biofi lm cells are refractory to this 
drug. Analogously, metastatic cells like planktonic bacteria are susceptible (Haug 
et al.  1993  ) , but slowly-growing tumours like biofi lms seem refractory (Loven et al. 
 2004  ) . The differential responses suggest that both bacterial and certain tumour 
cells might be proliferating egoists under certain conditions that make them suscep-
tible to the replication inhibitor, implying their evolutionary relationship as gener-
ally proposed for the uni- and multi-cellular organisms. The cells from the two 
distinct life domains would be expected to compete with each other in the ecosys-
tem of a eukaryotic host. Such competition may be due to the mechanisms either 
underlying nosocomial chronic biofi lm related infections for individuals under che-
motherapies or underlying anti-cancer therapeutic regimens. 

 We now know that  P. aeruginosa  forms multicellular communities when treated 
with anticancer drugs, such as hydroxyurea. Also, the analogy between planktonic 
cells and metastatic cells leads us to the thought that bacterial biofi lms can be generated 
against cancer cells. In the next section of this chapter we will discuss whether and 
how the formed biofi lms can disrupt the process of metastasis.   
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    11.3   Bacteria Form Biofi lms Against Cancer Metastasis 

    11.3.1   A Hypothesis About Bacterial Anti-metastasis Therapy 

 Sarcomas in patients was regressed with acute  Streptococcal  infections (Coley 
 1991 ; Nauts et al.  1946  ) , a nineteenth century observation that has stimulated 
research communities in multi-facets; one of which is metastasis. While mecha-
nisms behind the sarcoma regression are unclear, we hypothesize that metastasis 
can be impaired by antagonist bacterial infections or the bacterial macromolecules 
during treatment with the type of anticancer drugs—DNA replication inhibitors.  

    11.3.2   Can Bacteria Form Biofi lms on Cancer Cells? 

 The hypothesis above predicts that since formation of bacterial biofi lms is induced 
by hydroxyurea (Gotoh et al.  2008  ) , biofi lms can form on cancer cells, disrupting 
metastasis. This prediction is evidenced by the fi nding that  P. aeruginosa  not only 
acquires biofi lm like properties during growth within airway epithelial cells (Garcia-
Medina et al.  2005  )  but also attaches to and penetrates the human lung epithelial 
cells derived from a human bronchus alveolar carcinoma (Carterson et al.  2005  ) . 
Specifi c attachment of bacteria to cancer cells may allow the bacteria to grow on the 
surface of cancer cells so that the bacteria invade to acquire nutrients and interfere 
with cancer metastasis and other cellular functions.  

    11.3.3   Can Bacteria Produce Anticancer Macromolecules? 

 This hypothesis also predicts that the bacterial macromolecules can coat cancer 
cells to block metastasis. Such macromolecules as proteins and DNA are released 
from the bacteria treated with the anticancer drug and mediate the biofi lm formation 
(our unpublished data). Released proteins and DNA are indeed thought to be poten-
tial countermeasures against cancer (Mahfouz et al.  2007  ) . Additionally, polysac-
charides from  Streptococcus agalactiae  inhibit adhesion of cancer cells to endothelial 
cells—an essential step in cancer metastasis (Miyake et al.  1996  ) . Conceivably, 
encaged by bacteria and their macromolecules, cancer should not be able to metas-
tasize and colonize, and the coated cancer cells are immuno-reactive so that the 
protective immunity can be enhanced. 

 This hypothesis is testable. Bacterial adhesion to cancer cells in the presence of 
anticancer drugs can be analyzed with  in vitro  and  in vivo  imaging. The bacterial 
proteins required for specifi c bacterial attachment and for formation of biofi lms on 
the cancer surface can be identifi ed by proteomic analysis. The impact is profound 
in control and treatment of cancer, as metastasis leads to major deaths from solid 
tumours (Gupta and Massague  2006  ) . 
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 In conclusion, disruption of the metastasis by formation of biofi lms over cancer 
cells is a very good start which would lead to effective treatment or prevention of 
cancer in future. As to be discussed next, the formed biofi lm and the bacterial pro-
teins are the products of the SOS response triggered by anti-proliferative drugs, 
such as hydroxyurea (Gotoh et al.  2010  ) . Clearly, this work may pave a new multi 
disciplinary avenue by bringing together bacteriology and cancer research to 
development of the evolution-based therapeutics against cancer.   

    11.4   Bacteria Under SOS Evolve Anticancer Phenotypes 

    11.4.1   Background 

    11.4.1.1   Live Bacteria as Anti-cancer Therapeutics 

 Attempts with live bacteria to control cancer progression were tried over a century ago 
(Coley  1991 ; Nauts et al.  1946  ) . Although undesired infections raised a concern, hypoth-
eses have been proposed and tested to address the problem with promising progress. As 
reviewed by Chakrabarty  (  2003  ) , antitumour treatment with  Clostridium novyi  was 
proposed, based on propensity of the anaerobe to grow in anaerobic core of the tumours 
and to deprive tumours of oxygen and essential nutrients.  Salmonella , a facultative 
anaerobe, was also found to have tumour propensity that appears to be encoded by the 
pathogenicity island. Furthermore, bacteria could be engineered for selective destruc-
tion of tumours and for bacterial gene-directed prodrug therapy; in fact, such bacteria 
appeared to kill tumours selectively but not the normal tissue (Jain  2001  ) . While these 
data support the notion of bacterial tropism and cancer killing, it remains unclear how 
they are developed and what evolutionary relationship of bacteria is with cancer.  

    11.4.1.2   Analogy of Bacterial Lifestyle to Cancer Cell Behaviors 

 We previously proposed the analogy of bacterial lifestyle to cancer cell behaviors, 
projecting the evolutionary relationship (Weitao  2009a,   b  ) . The shared features are 
refl ected by observations that bacteria and cancer cells respond similarly to such 
anticancer drugs as DNA replication inhibitors (Weitao  2009a  ) . These common 
lifestyles imply that they may compete with each other under certain conditions 
(Weitao  2009a,   b  ) . Bacteria growing under competition and drug infl uence are 
highly likely to evolve new phenotypes against cancer.  

    11.4.1.3   Bacterial SOS Response as Evolution Driving Force 

 Replication inhibitors induce the SOS response (Walker  1984  )  during which genera-
tion of new phenotype may be facilitated. SOS is a transcriptional response, in which 
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at least 40 SOS genes in  E. coli  (Courcelle et al.  2001 ; Fernandez de Henestrosa et al. 
 2000 ; Khil and Camerini-Otero  2002  )  and 15 in  P. aeruginosa  (Cirz et al.  2006  )  are 
induced through interplay of the SOS regulators LexA and RecA (Fig.  11.1 ). In the 
presence of single stranded DNAs that are generated during replication inhibition, 
RecA coprotease senses the signals and binds to the single stranded DNA to assume 
an active conformation (Sassanfar and Roberts  1990  )  and to stimulate auto-cleavage 
of LexA (Little  1991  ) . Consequently, LexA repression of the SOS genes is prevented 
by this cleavage leading to a global induction of the SOS response.  

 These SOS gene products are involved in cytogenesis, DNA recombination, DNA 
replication, DNA damage repair, and segregation of chromosomes during cell division 
(Cox  1998 ; Sherratt  2003  ) . For instance, the SOS gene,  sulA,  is induced to inhibit and 
delay cell division transiently leading to cell fi lamentation (Fig.  11.1 ) until DNA dam-
age is ameliorated. The SOS controlled  umu  operon is involved in the error-prone 

  Fig. 11.1    SOS-facilitated evolution of bacterial cancer capture-invasion phenotypes. The bacte-
rial SOS response is triggered by DNA damage caused by treatment with replication inhibition 
anticancer drugs. This response is controlled by the interplay of LexA and RecA. These players 
regulate the SOS genes that encode functions required for DNA damage repair. LexA represses 
these genes. DNA damage activates RecA to stimulate autocatalytic cleavage of LexA so that the 
SOS genes are derepressed and expressed for repair. Cell division is inhibited and delayed result-
ing fi lamentation to allow repair before cell division. If the DNA damage is so extensive that the 
cells cannot directly repair, the lesions of damage can be bypassed, leading to mutagenesis and 
genetic instability. A variety of bacterial mutants can be generated consequently and selected for 
adhesion to cancer cells and invade them to evade the drug attack. The mutants produce proteins 
( triangles ) that recognize the cancer cells surface ( double triangles ) and mediate bacterial adhe-
sion to the cancer cells       
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translesion DNA synthesis (Kitagawa et al.  1985  ) . If damage is so extensive that it 
cannot be directly repaired, the lesions of damage can be bypassed by the translesion 
synthesis with aid of the  umu  encoded proteins (Bridges and Woodgate  1985  ) , leading 
to mutagenesis and genetic instability. A variety of bacterial mutants can be generated 
consequently. If bacteria grow with cancer and anticancer drugs, pools of these 
bacterial mutants are, in fact, selected for new phenotypes (Fig.  11.1 ). 

 This section aims to present a creative hypothesis as below. This hypothesis 
predicts that bacteria can evolve the cancer adhesion-invasion phenotypes, to 
challenge the limitation of anticancer treatment arising from bacterial natural 
propensity to cancer. The outcomes should help develop novel bacterial anti-
cancer regimens to deal with the safety and specificity issues poised over a 
century ago.   

    11.4.2   Presentation of the Hypothesis 

    11.4.2.1   Can Bacteria Be Tamed to Produce Anticancer Phenotypes? 

 Our hypothesis states that bacteria, growing with cancer cells and replication inhibi-
tion drugs, evolve advantageous phenotypes. This hypothesis suggests that if treated 
with drugs, bacteria can be induced to adhere and invade cancer cells so that bacte-
ria can survive drug attack. These features are defi ned as the cancer adhesion-invasion 
phenotypes. Obviously, our hypothesis is not based on the bacterial natural antitumor 
propensity but on the SOS-induced molecular evolution of new phenotypes. This 
hypothesis will be tested with  P. aeruginosa  as a starter. While its ecological niche 
may not be necessarily tumour, this bacterium could attach to and penetrate human 
lung epithelial cells derived from a human bronchus alveolar carcinoma (Carterson 
et al.  2005  ) . These antitumor activities may be mediated by bacterial proteins; in 
fact,  P. aeruginosa  does have such an antitumor potential since it has genes encoding 
antitumor proteins. Azurin is a periplasmic antitumor protein in  P. aeruginosa  
(reviewed in Mahfouz et al.  2007  ) . Release of Azurin depends on contact with cancer 
cells, and Azurin targets preferentially cancer cells but marginally normal cells 
(Yamada et al.  2005  ) . Additionally, Laz and Pa-CARD display cytotoxic activity 
against leukemia cells (Kwan et al.  2009  ) . Our hypothesis suggests that such 
proteins and new candidates would emerge when bacteria undergoing the anti-
cancer drugs induced SOS mutagenesis interact with cancer cells.  

    11.4.2.2   Generation of Anticancer Phenotypes During SOS 

 Furthermore, bacterial adhesion to cancer may be induced as we proposed previ-
ously (Weitao  2009b  ) .  P. aeruginosa  can be induced to attach on abiotic surface 
and can form biofi lms in response to hydroxyurea (Gotoh et al.  2008 ; Weitao 
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 2009a  ) . Indeed, such stress inducible biofi lm formation is SOS-dependent (Gotoh 
et al.  2010  ) . While historically it is an antiproliferative drug for tumour treatment 
(Gotoh et al.  2008 ; Weitao  2009a  ) , hydroxyurea is also a replication inhibitor tar-
geting at ribonucleotide reductases that are a good anticancer target (Shao et al. 
 2006  ) . This drug inhibits growth of proliferating planktonic bacterial cells but 
stimulates bacterial adhesion (Gotoh et al.  2008 ; Weitao  2009a  ) , likely to cancer 
if the bacterial cells grow with the cancer cells. Such replication inhibitors induce 
the bacterial SOS response (Fig.  11.1 ) (Walker  1984  )  during which generation of 
the advantageous phenotypes may be facilitated (Fig.  11.1 ). For instance, error 
prone DNA replication generates mutagenesis and genetic instability during SOS, 
yielding a variety of bacterial mutants. Since bacterial entry into cancer cells can 
evade the drug attack, these mutants can be selected for cancer invasion for bacte-
rial survival.   

    11.4.3   Testing the Hypothesis 

    11.4.3.1   Experimental Design 

 To test this hypothesis, we will fi rst examine attachment of  P. aeruginosa  to can-
cer cells and cancer invasion (Fig.  11.1 ). We will use the  recA  mutant as a bacte-
rial SOS control because RecA initiates SOS that may facilitate development of 
the adhesion-invasion phenotypes. We will incubate these bacterial cells with can-
cer cells in the presence of the anticancer drugs that inhibit DNA replication 
enzymes including DNA polymerases (Berdis  2008  ) , DNA helicases (Sharma 
et al.  2005  ) , ribonucleotide reductases (Shao et al.  2006  ) , and topoisomerases 
(Teicher  2008  ) . We will harvest the invaded bacteria from the cancer cells. Second, 
we will use proteomic analysis to reveal proteins that exhibit distinct changes in 
expression in the bacterial cells that adhere to and invade into cancer cells. Lastly, 
according to the proteomic results, we will identify the mutated genes encoding 
cancer adhesion and invasion. We will construct the deletion mutants by deletion-
insertion of the genes encoding the induced proteins. Then, we will test the 
mutants for cancer adhesion and invasion. We will also over produce these pro-
teins and examine adhesion-invasion phenotypes against the cancer cells and the 
non cancer control.  

    11.4.3.2   Bacterial Proteins Differentially Induced During 
Bacteria-Cancer Interaction 

 Bacteria under the anticancer drug induced SOS are expected to produce pro-
teins that mediate the cancer adhesion-invasion phenotypes (Fig.  11.1 ). The 
protein induction is generally reflected by alterations in the intensities of the 
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2-D gel protein spots from the invaded and non-invaded bacteria, with  reference 
to the SOS controls. Interacting with cancer cells, the bacteria are likely to 
evolve a pattern of surface proteins suitable for bacterial adhesion to and inva-
sion of cancer cells (Fig.  11.1 ). The pattern is likely to be unique to the cancer 
adhesion-invasion phenotypes as compared with that of the SOS and non-
invaded controls. These proteins are expected to be deficient in the  recA  mutant, 
in which SOS is precluded. They are unlikely to appear on the non-invaded 
bacterial control.  

    11.4.3.3   Identifi cation of Bacterial Genes Encoding Cancer 
Adhesion and Invasion 

 It is plausible that knocking out the bacterial cancer adhesion-invasion genes 
would disrupt the adhesion-invasion phenotypes. If the proteomic analysis indi-
cates increase in the levels of the proteins from the bacteria with the adhesion-
invasion phenotypes, and if mutations inactivate the genes encoding these proteins, 
then the mutant bacteria will be unable to attach to and invade the cancer cells. 
However, over-production of these proteins is expected to enhance bacterial cap-
ture and invasion of the cancer cells but not the non cancer control. Then, it can 
be concluded that these genes are required for the cancer adhesion-invasion 
phenotypes. 

 Collectively, the high resolution of the 2-D based proteomic approach will 
allow us to identify the patterns of the cancer-inducible surface proteins on bacte-
ria so that the encoding genes can be identifi ed. These genes can be cloned and 
expressed in non-pathogenic bacteria that are safe to the hosts but selectively 
lethal to cancer cells.   

    11.4.4   One Implication of the Hypothesis 

 Our hypothesis regarding evolution of bacterial anticancer phenotypes implies that 
bacteria can evolve cancer cell-specifi c phenotypes when growing with cancer cells 
of certain types, for instance, the metastatic cells. While metastasis can be impaired 
by the antagonist bacterial biofi lms (Weitao  2009b  )  or by the bacterial proteins 
(Kwan et al.  2009 ; Mahfouz et al.  2007 ; Yamada et al.  2005  )  during treatment with 
the anticancer drugs as proposed previously (Weitao  2009b  ) , the underlying mecha-
nism for bacterial recognition or tropism for cancer cells is not fully understood and 
thus addressed by this hypothesis. As bacterial tropism is still in its infancy, if this 
hypothesis is true, the outcomes may stimulate future research interest into develop-
ment and evolution of the bacterial tropism for cancer cells, contributing to formu-
lating novel bacterial anti-metastasis regimens.   
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    11.5   Conclusion 

 Can bacteria be tamed to cure cancer? This question stems from the nineteenth 
century observation of regression of Sarcomas in patients who were infected with 
S treptococcal  infections (Coley  1991 ; Nauts et al.  1946  ) . Over centuries, adminis-
tration of live bacteria as anticancer therapeutics has been abandoned because of the 
lethal side effect of infections. The idea to pursue further development has been 
neglected. The neglect was followed by a dark age in this area. Nevertheless, it 
seems to come into light that both bacterial biofi lm formation and cancer develop-
ment are evolutionary and both show analogous lifestyles. These thoughts have 
led to futuristic hypotheses as presented in this chapter. It can be imagined that 
these hypotheses may have profound impacts in the research arena against 
cancer. As scope of human imagination can not be limited, so our thinking, reason-
ing, and hypothesizing can move forward to cross the boundary that once confi ned 
our enthusiasm about the bacteria-cancer interactions.      
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  Abstract   Serious bacterial infections occur frequently in patients with cancer, both 
as a result of their underlying disease and its treatment. Several factors increase the 
risk of bacterial infections, the foremost of which is neutropenia (absolute neutro-
phil count [ANC]  £ 500 cells/mm 3 ). Neutropenia, however, seldom occurs alone, but 
is often superimposed on other risk factors, such as impaired humoral or cellular 
immunity, the presence of foreign medical devices, surgery, radiation, and poor 
nutrition. Other factors that infl uence the frequency and spectrum of bacterial infec-
tion include the use of antimicrobial prophylaxis, the intensity and nature of chemo-
therapy, and local institutional epidemiology. This chapter will focus on the 
management of bacterial infections in cancer patients, including infection preven-
tion, treatment, infection control, and antimicrobial stewardship.  

  Keywords   Bacterial infection  •  Neutropenia  •  Cancer patients  •  Antimicrobial pro-
phylaxis  •  Infection control  •  Antimicrobial stewardship  
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    12.1   Bacterial Infections in Neutropenic Patients 

 Neutrophils provide protection against many bacterial pathogens. Neutropenia from 
any cause increases the frequency and severity of bacterial infection. Bodey and col-
leagues were the fi rst to describe the association between neutropenia and infection 
(Bodey et al.  1966  ) . They demonstrated that the frequency and severity of infection was 
directly related to the degree and duration of neutropenia, once the ANC fell below 
1,000/mm 3 . The currently accepted defi nition of neutropenia is an ANC of  £ 500/mm 3  
(Freifeld et al.  2011  ) . Until the late 1980s it was traditional to admit all febrile neutro-
penic patients to the hospital for close monitoring and the administration of broad-
spectrum, parenteral antibiotic therapy for the entire duration of the febrile episode 
(Hughes et al.  1997  ) . Our understanding of the syndrome of febrile neutropenia has 
improved substantially during the ensuing years. The availability of truly broad-spec-
trum antimicrobial agents (carbapenems, the extended spectrum cephalosporins) has 
enabled clinicians to administer monotherapy to many febrile neutropenic patients 
instead of always using two or three drug combinations (Bodey et al.  1990  ) . The devel-
opment of accurate risk-prediction rules, major improvements in infusion therapy and 
supportive care, and the increasing role played by home healthcare agencies has enabled 
clinicians to shift the site of care in low-risk patients from the hospital to the ambula-
tory clinic/home environment (Kern  2006 ; Rolston  2003  ) . The development of oral 
agents such as the fl uoroquinolones, with activity against important gram-negative 
pathogens including  Pseudomonas aeruginosa  has improved the effi cacy of antimicro-
bial prophylaxis for high-risk neutropenic patients. On the other hand, the frequent use 
(misuse?) of antimicrobial agents in this setting has led to reduced susceptibility or 
overt resistance among common bacterial pathogens. All these factors add to the 
 complexity of the management of bacterial infections in neutropenic patients.  

    12.2   Spectrum of Infection 

 The epidemiology/spectrum of bacterial infection in neutropenic patients undergoes 
periodic changes. Additionally, geographic and local institutional differences do 
exist; consequently, it is advisable to conduct frequent surveillance studies, particu-
larly in institutions dealing with large numbers of neutropenic patients (e.g., 
Comprehensive Cancer Centers) in order to detect these changes in a timely manner 
(Yadegarynia et al.  2003  ) . Bacteria frequently isolated from neutropenic patients are 
listed in Table  12.1 . Current surveillance studies demonstrate a predominance of 
gram-positive bacteria over gram-negative and anaerobic bacteria (Wisplinghoff 
et al.  2003 ; Zinner  1999  ) . Unfortunately, some of these surveys provide details only 
about monomicrobial bacteremias, and ignore other sites of infection such as the 
respiratory tract, urinary tract, and gastrointestinal tract, as well as polymicrobial 
infections. This paints an incomplete picture since gram-positive organisms are the 
predominant cause of bacteremia, whereas many other sites of infection have 
 gram-negative organisms as the predominant pathogens (Rolston and Bodey  1993 ; 
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Yadegarynia et al.  2003  ) . Additionally, data from our institution document the fact 
that polymicrobial infections have more than doubled in frequency since the 1970s 
and currently account for ~30% of documented bacterial infections (Rolston et al. 
 2007  ) . Our data also document that ~80% of polymicrobial infections have a gram-
negative component, and ~30–35% are caused exclusively by multiple gram-negative 
species (Elting et al.  1986  ) . All these issues should be taken into consideration when 
choosing empiric or targeted therapeutic regimens in neutropenic patients.   

    12.3   Initial Assessment of Neutropenic Patients 

 One of the cornerstones in the management of febrile neutropenic patients is to 
perform a quick but thorough evaluation before the administration of empiric anti-
biotic therapy (Freifeld et al.  2011  ) . A complete history and physical examination is 
essential. Historical information of particular interest includes details of antineo-
plastic and immunosuppressive therapy, the use of antimicrobial prophylaxis, and 
previous episodes of infection (or colonization) with important pathogens and their 
treatment, recent surgical/dental procedures, recent or remote travel history, and 
potential exposure to sick contacts. Underlying co-morbid conditions such as diabe-
tes mellitus, chronic lung disease, and cardiovascular, renal and hepatic problems 
should also be documented as they might impact the nature and severity of infec-
tion, the risk of complications, and the agents selected for empiric therapy. 

 Neutropenic patients may have a blunted infl ammatory response which may 
result in a paucity of clinical signs/symptoms. Consequently, the physical examina-
tion should focus on the detection of subtle manifestations especially at frequently 
infected sites such as the skin, oro-pharynx, gastrointestinal tract, lungs, and 
perineum. Although fever is the most common sign of infection, some patients may 
develop a serious infection without mounting a febrile response, particularly if they 
are receiving corticosteroids or other immunosuppressive agents. 

   Table 12.1    Common bacterial pathogens isolated from neutropenic patients ab    

  Gram-positive  
  Coagulase-negative staphylococci 
   Staphylococcus aureus  (including MRSA a ) 
   Enterococcus  species (including VRE c ) 
   Viridans  group streptococci 
  Beta-haemolytic streptococci 

  Gram-negative  
   Escherichia coli  (including ESBL b  producers) 
   Klebsiella  species (including ESBL b  producers) 
   Pseudomonas aeruginosa  
   Stenotrophomonas maltophilia  

   a  MRSA  methicillin-resistant  S. aureus  
  b  ESBL  extended spectrum beta-lactamase 
  c  VRE  vancomycin-resistant enterococci  
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 Standard laboratory investigations include blood and urine cultures, and cultures 
from other sites (e.g., respiratory specimens, CSF, wounds, biliary drainage) when 
indicated. In patients with diarrhea, stool cultures are not very informative, but stool 
specimens for the detection of  Clostridium diffi cile  toxins should be obtained. 
Patients with pulmonary symptoms or an infi ltrate on imaging often require a diag-
nostic bronchoscopy. Nasal specimens are recommended for detecting the presence 
of community respiratory viruses (e.g., infl uenza A or B, RSV) especially in the 
winter season. 

 Routine chest imaging is not recommended and should be performed in patients 
with respiratory manifestations. Computerized tomography of the chest, paranasal 
sinuses, abdomen/pelvis, head and neck, should be obtained when clinically indi-
cated, and is usually more informative (but more expensive) than routine radiogra-
phy. Other standard laboratory tests include complete and differential blood cell 
counts, an electrolyte panel, and tests for renal and hepatic function. These tests 
should be repeated as clinically indicated.  

    12.4   Risk Assessment 

 Prior to the development of reliable risk assessment models, all febrile neutropenic 
patients received hospital-based, parenteral empiric antibiotic therapy for the entire 
duration of the episode of infection (Hughes et al.  1997  ) . With a better understand-
ing of the syndrome of “febrile neutropenia” several investigators have developed 
reliable risk-prediction rules. The most widely used method to identify low-risk 
patients is the risk-index devised by the Multinational Association for Supportive 
Care in Cancer (MASCC) (Klastersky et al.  2000  ) . This method assigns integer 
weights to seven characteristics to develop an index score. A score of 21 identifi ed 
low-risk patients with a positive predictive value of 91%. Higher scores impart 
greater specifi city with a corresponding loss in sensitivity. Other investigators use 
simple clinical criteria to identify low-risk patients, without having to calculate a 
score (Freifeld et al.  1999 ; Kern et al.  1999 ; Rubenstein et al.  1993  ) . This might be 
a more practical method of identifying low-risk patients in a busy clinical practice 
setting. There is a >95% concordance between the MASCC risk-index and clinical 
risk-prediction rules (Rolston et al.  2009  ) .  

    12.5   Risk Based Therapy 

 There is uniform agreement that patients who are not identifi ed as low-risk should 
be hospitalized for the administration of empiric antibiotic therapy and close moni-
toring (Lyman and Rolston  2010  ) . Several different options for the treatment of 
low-risk patients have been recently evaluated. These include the route of adminis-
tration of the regimen (parenteral, sequential, i.e., IV → PO, oral), and the setting of 
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therapy (initial hospitalization followed by early discharge; out-patient  management 
of the entire febrile episode). These options constitute the entire spectrum of risk-
based therapy (Fig.  12.1 ).  

    12.5.1   Empiric Antibiotic Therapy in Low Risk Patients 

 Most low-risk patients can safely be treated with oral antibiotics after a short period 
(4–12 h) of observation to ensure stability (Freifeld et al.  2011  ) . Despite several 
prospective trials documenting the safety and effi cacy of oral, out-patient therapy, 
some clinicians are still uncomfortable with this concept and prefer to admit low-
risk patients for a longer (48–72 h) period before discharging them on oral 
(occasionally parenteral) regimens (Lyman and Rolston  2010 ; Vidal et al.  2004  ) . 
The most commonly used regimens are listed in Table  12.2 . Most oral regimens 
combine a fl uoroquinolone with an agent with better gram-positive activity. 
Currently, fl uoroquinolone monotherapy is not recommended routinely, although 
some pilot studies have successfully evaluated this option (Chamilos et al.  2005 ; 
Rolston et al.  2006,   2009  ) . In patients who are not suitable candidates for oral 
therapy (e.g., mild to moderate nausea and/or mild mucositis) but are otherwise 
low-risk, parenteral, out-patient therapy is an option.  

 Out-patient management of low-risk neutropenic patients does require institu-
tional support and infrastructure which may not always be feasible, especially in 
institutions that care for limited numbers of neutropenic patients (Table  12.3 ). 
Additionally, some medically low-risk patients may not have the psychosocial back-
up and support to be candidates for out-patient therapy. It is prudent to treat such 
patients in the hospital.  

 Most studies of out-patient therapy in well selected, low-risk patients have shown a 
very low frequency of hospital admissions, or complications requiring intensive care. 

  Fig. 12.1    Risk-based management of febrile neutropenic patients       
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The average duration of therapy is 5–6 days. Hopefully, emergence of resistance will not 
become a signifi cant issue, as the pipeline for new drug development is relatively dry.  

    12.5.2   Empiric Therapy for Patients That Are Not Low Risk 

 The accepted standard of care for febrile neutropenic patients that do not fall into the 
low-risk category is the prompt administration of broad-spectrum empiric antibiotics 
(based on local susceptibility/resistance patterns) with close monitoring in the hospi-
tal for response, and the development of complications (Freifeld et al.  2011  ) . 

 The various treatment options are listed in Table  12.4 . They include combination 
antibiotic regimens (usually a combination of an anti-pseudomonal beta-lactam and 
an aminoglycoside or an agent with enhanced gram-positive activity e.g., vancomy-
cin or linezolid); or monotherapy with a single broad-spectrum, anti-pseudomonal 
beta-lactam.  

 The most recently updated guidelines published by the Infectious Diseases 
Society of America (IDSA) recommend monotherapy for most febrile neutropenic 
patients, with the addition of other antimicrobial agents to the initial regimen for the 
management of complications (e.g., hypotension or pneumonia) or if antimicrobial 
resistance is suspected (Freifeld et al.  2011  ) . Vancomycin or other agents (linezolid, 
daptomycin) with enhanced gram-positive activity are not recommended as a 

   Table 12.2    Antibiotic regimens in low-risk patients   

  Oral regimens  
 Fluoroquinolone a  – amoxicillin/clavulanate or clindamycin, or azithromycin 
 Fluoroquinolone monotherapy b  

  Parenteral regimens  
 Aztreonam – clindamycin 
 Fluoroquinolone a  + clindamycin 
 Ceftriaxone (±) amikacin 
 Ertapenem (±) amikacin 
 Ceftazidime or cefepime 

   a Ciprofl oxacin has been used most often but other fl uoroquinolones (levofl oxacin, 
moxifl oxacin) have also been used 
  b Limited data with fl uoroquinolone monotherapy  

   Table 12.3    Requirements for a successful program of outpatient therapy in low-
risk patients   

 Institutional support for necessary infrastructure (e.g., 24/7 emergency center) 
 Dedicated, multidisciplinary team of healthcare providers (physicians, nurses, 

pharmacists, infusion therapists, etc.) 
 Local and real-time epidemiologic/ microbiologic data including current 

susceptibility/resistance patterns 
 Adequate monitoring and follow-up (e.g., 24/7 ‘hot line’ and access to 

healthcare team; febrile neutropenia clinic, etc.) 
 Adequate transport and communication for patients 
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 standard part of the initial antibiotic regimen for fever and neutropenia but should 
be considered for conditions such as catheter-related infections, skin and skin struc-
ture infections, pneumonia, or hemodynamic instability. The recommendations for 
specifi c bacterial pathogens include:

   MRSA – vancomycin, linezolid, or daptomycin  • 
  VRE – linezolid or daptomycin  • 
  ESBL producing gram-negative bacilli – carbapenems  • 
  KPC producing organisms – polymyxin/colistin or tigecycline    • 

 In certain institutions,  Stenotrophomonas maltophilia  has emerged as a frequent 
pathogen in this patient population (Safdar and Rolston  2007  ) . Most isolates still 
remain susceptible to trimethoprim/sulfamethoxazole, although declining susceptibil-
ity rates are being reported. Other agents with variable activity against these organisms 
include tigecycline, ticaricillin/clavulanate, moxifl oxacin, minocycline, and ceftazi-
dime. Therapy based on individualized susceptibility of the isolates is recommended. 
Combination therapy might be necessary in patients refractory to monotherapy.   

    12.6   Evaluation of Response 

 The median time to defervescence in low-risk patients is 2 days, and is approximately 
5 days in moderate to high-risk patients (Corey and Boeckh  2002 ; Elting et al.  2000  ) . 
Persistence of fever for 3–5 days in otherwise stable patients does not necessarily 
indicate failure of the initial regimen. Approximately 70–80% of patients will respond 

   Table 12.4    Common empiric regimens in neutropenic patients not classifi ed as low-risk   

  Monotherapy  
 Cefepime or ceftazidime a  
 Imipenem or meropenem b  
 Piperacillin/tazobactam 

  Combination regimens without vancomycin  
 Aminoglycoside + cefepime or ceftazidime a  

 or imipenem or meropenem b  
 or piperacillin/tazobactam 
 or quinolone c  

  Combination regimens with vancomycin  d  
 Vancomycin + cefepime or ceftazidime a  

 or imipenem or meropenem b  
 or piperacillin/tazobactam 
 or aztreonam e  
 or quinolone c  

   a Ceftazidime not optimal in some institutions due to declining susceptibility 
  b No clinical experience with doripenem 
  c Quinolones should not be used if patients have been receiving quinolone prophylaxis 
  d Teicoplanin used in some countries. Vancomycin occasionally replaced by linezolid 
  e Often used in patients with severe beta-lactam allergy  
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to the initial empiric regimen during this period (Freifeld et al.  2011  ) . Persistence of 
fever beyond 5 days should lead to a full re-evaluation of the patient including a search 
for a drainable focus (abscess) or removable focus (infected medical device), or the 
development of a super-infection. A change in the initial regimen is recommended at 
this stage, based on specifi c clinical and/or microbiological fi ndings. 

 In patients who remain febrile, imaging of various sites (paranasal sinuses, chest, 
abdomen and pelvis, head and neck), Doppler or venous fl ow studies, and various 
serologic studies might provide diagnostic information. Occasionally, more inva-
sive procedures (biopsy of specifi c tissues or organs) might be necessary, but are 
often deferred as many neutropenic patients are also severely thrombocytopenic. A 
small proportion of patients (~5%) will have a non-infectious cause of fever such as 
tumour fever or drug fever.  

    12.7   Duration of Therapy 

 The duration of therapy continues to be a subject of debate. In patients with clinically 
or microbiologically documented infections, the duration of therapy will depend upon 
the particular organism(s) isolated and the site of infection (Elting et al.  1997 ; Freifeld 
et al.  2011  ) . Appropriate antibiotics based on susceptibility data should be continued 
until resolution of neutropenia (ANC >500/mm 3 ) or longer, if clinically indicated. 

 In patients with unexplained fever, two schools of thought exist. One is to continue 
the initial regimen until signs of marrow recovery. The other is to discontinue therapy 
if all signs and symptoms of infection have resolved, even if the patient is still neutro-
penic. Some experts recommend reinstituting antimicrobial prophylaxis in such 
patients. The former approach may result in needless administration of antibiotics to 
many patients, potentially increasing healthcare costs, toxicity, and the development of 
bacterial and fungal superinfection, in addition to selection of resistant microorgan-
isms. The latter approach requires careful observation of the patient after discontinua-
tion of therapy. The ultimate decision as to when to stop therapy often needs to be 
individualized based on (1) the patient’s risk group; (2) the presence and site of a docu-
mented (e.g. bacteremia, pneumonia, enterocolitis, etc.); (3) the underlying malignancy 
(solid tumour or hematologic malignancy); (4) the need for chemotherapy and/or 
immunosuppressive therapy and (5) the persistence of neutropenia. Some patients with 
documented infections and persistent neutropenia might benefi t from the administra-
tion of hematopoietic growth factors (G-CSF, GM-CSF) and/or granulocyte transfu-
sions, but their use remains unconventional (Hübel et al.  2002 ; Smith et al.  2006  ) .  

    12.8   Antimicrobial Prophylaxis 

 The use of routine antimicrobial prophylaxis in neutropenic patients also con-
tinues to be a subject of debate. Most studies have demonstrated that the use of 
antibacterial prophylaxis results in a reduction in the number of febrile episodes 
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and  documented infections, particularly those caused by gram-negative bacteria. 
A recent meta-analysis showed increased survival in patients receiving qui-
nolone prophylaxis (Gafter-Gvili et al.  2005  ) . The main drawback of 
antimicrobial prophylaxis even when clinically justifi ed is the emergence of 
resistant micro-organisms (Kern et al.  1994  ) . Fluoroquinolone prophylaxis 
should be considered for patients with expected durations of neutropenia that 
exceed 7–10 days (i.e., ANC  £  100 cells/mm 3  for >7–10 days). Real time micro-
biological monitoring for the emergence of resistant organisms is recommended 
in institutions where prophylaxis is used commonly (Baden  2005  ) . The addition 
of an agent with enhanced gram-positive activity (e.g., vancomycin, linezolid) 
is not recommended.  

    12.9   Infections in Cancer Patients Without Neutropenia 

 Prolonged and profound neutropenia is seen most often in patients with hemato-
logic malignancies and in recipients of hematopoietic stem cell transplantation, and 
much less so in patients with solid tumours. However, solid tumours account for the 
vast majority of cancers in adults. Data published by the American Cancer Society 
indicate that approximately 1.5 million new cases of solid tumours are diagnosed 
each year in the USA (American Cancer Society  2010  ) . The spectrum, clinical fea-
tures, diagnosis, and management of infection in these patients is substantially dif-
ferent to those encountered in neutropenic patients and treatment strategies specifi c 
for these patients needs to be developed. The predominant sites of infection in solid 
tumour patients are listed in Table  12.5 .   

    12.10   Predominant Sites of Infection 

 The predominant sites of infection depend upon the location and size of the primary 
tumour and/or metastatic lesions, and the site and nature of medical devices and 
surgical procedures. Surgical wound infections are not uncommon regardless of the 
site of tumour. Patients with CNS infections often have partial or complete loss of 
the gag refl ex, predisposing them to aspiration pneumonia. Impaired micturation 
and urinary retention as a result of neurological impairment lead to urinary tract 
infection. Following surgery for tumour resection and/or the placement of shunts, 
surgical wound infections, epidural or subdural infections, cerebral abscesses, men-
ingitis, and shunt related infection can occur. 

 In the United States, approximately 200,000 breast cancer surgical procedures 
are performed annually (Penel et al.  2007  ) . The frequency of infection following 
such procedures is estimated to be between 4% and 8%, which translates into an 
annual fi gure of 8,000–16,000 cases. These include surgical wound infections, cel-
lulitis, and lymphangitis secondary to axillary lymph node dissection, mastitis, 
breast abscess, and breast tissue expanders associated infections. 
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 Infection of the upper respiratory tract such as sinusitis, pneumonia (including 
aspiration pneumonia and ventilator-associated pneumonia), and local cellulitis and 
necrotizing infections following surgical excision and reconstruction, are the most 
common sites in patients with head and neck tumours. These patients also frequently 
need PEG tube placement for alimentation, and develop PEG tube associated infec-
tions (local cellulitis, abscesses, perforation and peritonitis) as well (Walton  1999  ) . 

 Patients with carcinoma of the lung develop pulmonary infections such as post-
obstructive and/or necrotizing pneumonia, lung abscess, empyema, and surgical 
wound infections. Localized infections may lead to the development of bacteremia 
or disseminated infections. 

 Cholangitis with or without bacteremia, solitary or multiple hepatic abscesses, 
and peritonitis are not infrequent in patients who have hepato-biliary/pancreatic 
tumours (Rolston et al.  1995  ) . Abscesses in the pancreatic bed and subdiaphrag-
matic abscesses can occur following extensive surgical resection. Patients receiving 
intra-arterial chemotherapy for hepatic tumours are also at risk for such infections. 
Osteomyelitis, osteoradionecrosis, and infected prosthetic devices with adjacent 
bone, joint, or soft tissue infections predominate in patients with osteosarcoma and 
other bone neoplasms. 

   Table 12.5    Predominant sites of infection in cancer patients with various solid tumours   

 Tumour  Common sites of infection 

 Brain (CNS)  Wound infection; epidural and/or subdural infection; brain 
abscess; meningitis/ventriculitis; shunt-related infection; 
aspiration pneumonia; urinary tract infection 

 Breast  Wound infection; cellulitis/lymphangitis following axillary lymph 
node dissection; mastitis; breast abscess 

 Bone/joints/cartilage  Wound infection; septic arthritis; osteomyelitis,; bursitis; 
synovitis; infected prosthesis 

 Genitourinary/prostate  Wound infection; cystitis; prostatitis; pyelonephritis; catheter-
related complication, urinary tract infection 

 Hepato-biliary/pancreatic  Wound infection; peritonitis; ascending cholangitis ± bacteremia; 
hepatic, pancreatic, or sub diaphragmatic abscess 

 Upper gastrointestinal  Wound infection; mediastinitis; trachea-esophageal fi stula; gastric 
perforation and abscess; PEG tube-related infections 

 Head and neck  Wound infections; cellulitis; aspiration pneumonia; PEG 
tube-related infection; mastoiditis; sinusitis; cavernous (or 
other) sinus thrombosis; meningitis; brain abscess; retropha-
ryngeal and paravertebral abscess; osteomyelitis ± osteo-
radionecrosis 

 Lower gastrointestinal  Wound infection; peritonitis; abdominal/pelvic abscess; necrotiz-
ing fasciitis; enterocolitis; perianal or perirectal infection; 
urinary tract infections 

 Respiratory (lung)  Wound infection; pneumonia (post-obstructive); empyema; 
broncho-pleural fi stula; aspiration 

 Gynecologic  Wound infection; complicated urinary tract infection; abdominal/
pelvic abscess, tubo-ovarian abscess; pyometra; fi stula 
formation and associated infections 
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 Local obstruction caused by tumour, tumour necrosis, and therapeutic modalities 
(chemoradiation, surgery) all contribute to infections in patients with gynecologic 
malignancies. Tumour-related infections depend on the site and size of the tumour. 
For example, infections complicating stage I cervical cancer generally involve the 
surfaces of the tumour and are usually limited to the vagina (Brooker et al.  1987  ) . 
As tumours enlarge, obstruction to various organs results in the development of 
urinary tract infections, tubo-ovarian abscesses and pyometra. Rupture of tubo-
ovarian abscesses or pyometra can lead to the development of acute peritonitis 
(Barton et al.  1993 ; Imachi et al.  1993  ) . These complications are rare since most 
gynecological cancers are detected and treated at an earlier stage. Complications of 
radiation include bowel obstruction/stricture, perforation, and fi stula formation. 
These complications are often diffi cult to deal with, particularly due to impaired 
healing in previously radiated areas. 

 In contrast to neutropenic patients with hematologic malignancies, patients with 
solid tumours represent an extremely heterogeneous group. Consequently, the treat-
ment of infections occurring in these patients is usually site and organism specifi c. 
A detailed discussion of all the infections listed in Table  12.5  is beyond the scope of 
this chapter. Nevertheless, the general principles relating to appropriate initial eval-
uation and the prompt administration of appropriate antimicrobial therapy, based on 
local epidemiology and susceptibility/resistance patterns are applicable in these 
patients as well. Surgical intervention (or other approaches such as the placement of 
stents) is occasionally required to remove devitalized tissue and overcome obstruc-
tion. In order to better understand the diversity of infections seen and to develop 
management strategies specifi c for the different tumour groups (CNS, lung, gastro-
intestinal, breast, gynecologic, etc.) carefully designed studies focusing on the pre-
disposing factors, changing epidemiology, clinical manifestations, diagnosis, and 
treatment of these infections need to be conducted (Rolston  2001  ) . Such studies will 
provide the information needed to appropriately manage infections in patients with 
solid tumours, rather than applying management strategies that have been devel-
oped for and are more pertinent in patients with hematologic malignancies.  

    12.11   Infection Control and Antimicrobial Stewardship 

 Infection control is an extremely important aspect of the management of infections 
in neutropenic and non-neutropenic cancer patients. Strict adherence to infection 
control policies and procedures is mandatory. These policies (a detailed discussion 
is outside of the scope of this chapter) are not only critical in the investigation and 
disruption of outbreaks, but also in the day to day setting as they limit the spread of 
resistant microorganisms. 

 Antimicrobial agents are used with greater frequency and for a larger number of 
indications (prophylaxis, pre-emptive therapy, empiric therapy, targeted or specifi c 
therapy of a documented infection, maintenance/suppressive therapy) in cancer 
patients than in most other patient populations (Freifeld et al.  2011  ) . Although 
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 justifi ed, this has created pressures leading to the emergence of resistant organisms 
(Rolston  2005  ) . Traditionally, the development of novel antimicrobial agents has 
been an important tool in battling the problems caused by resistant organisms. 
However, the development of novel agents is at an all time low, mandating the judi-
cious use of currently available agents – i.e. antimicrobial stewardship. The various 
strategies for an antimicrobial stewardship program are listed in Table  12.6 , and 
include a multidisciplinary antibiotic stewardship team (MAST), institutional path-
ways/guidelines, formulary restrictions or pre-approval requirements for certain 
agents, and de-escalation or streamlining of therapy when appropriate (Dellit et al. 
 2007  ) . Antibiotic stewardship programs have been successfully implemented at sev-
eral institutions (including ours) and, in the opinion of this investigator, will soon 
become mandatory at most institutions (Agwu et al.  2008 ; Metjian et al.  2008 ; 
Mulanovich et al.  2009  ) .   

    12.12   Conclusion 

 Infection remains the most common complication of cancer and its therapy. Bacterial 
infections predominate, although fungal and viral infections are increasing in fre-
quency. The epidemiology of bacterial infections is different in patients with hema-
tologic malignancy when compared to those with solid tumours, and undergoes 
periodic changes. It is important to monitor local epidemiology and susceptibility/
resistance patterns in order to determine the most appropriate empiric regimens. 
The emergence of resistance among common bacterial pathogens has posed new 

   Table 12.6    Recommendations for antimicrobial stewardship   

  Baseline data/infrastructure  
 • Determine local epidemiology and resistance patterns 
 • Know institutional formulary and prescribing habits 
 • Develop multidisciplinary antimicrobial stewardship team (MAST) 

  Recommendations for antimicrobial usage  
 • Limit antibacterial prophylaxis 
 • Encourage targeted/specifi c therapy 
 • Consider formulary restriction and/or pre-authorization 
 • Create guidelines and clinical pathways 
 • Consider antimicrobial heterogeneity 
 • Consider de-escalation (streamlining) of empiric regimen 
 • Dose optimization 
 • Parenteral to oral conversion 
 • Optimization of duration of therapy 

  Other strategies  
 • Prospective audits of antimicrobial usage with feedback to prescribers 
 • Educational activities (Grand Rounds, in-services) 
 • Strict adherence to infection control policies 
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therapeutic challenges, especially since new drug development is practically at a 
standstill. Consequently, antimicrobial stewardship and infection control are vital 
aspects in the management of infections in cancer patients.      

   References 

    Agwu A, Lee CKK, Jain SK et al (2008) A worldwide web-based antimicrobial stewardship pro-
gram improves effi ciency, communication, and user satisfaction and reduces cost in a tertiary 
care pediatric medical center. Clin Infect Dis 47:747–753  

    Baden LR (2005) Prophylactic antimicrobial agents and the importance of fi tness. N Engl J Med 
353:1052–1054  

    Barton DPJ, Fiorica JV, Hoffman MS et al (1993) Cervical cancer and tubo-ovarian abscesses: a 
report of three cases. J Reprod Med 38:562–564  

    Bodey GP, Buckley M, Sathe YS et al (1966) Quantitative relationships between circulating leuko-
cytes and infection in patients with acute leukemia. Ann Intern Med 64:328–340  

    Bodey GP, Fainstein V, Elting LS et al (1990) Beta-lactam regimens for the febrile neutropenic 
patient. Cancer 65:9–16  

    Brooker DE, Savage JE, Twiggs LB et al (1987) Infectious morbidity in gynecologic cancer. Am 
J Obstet Gynecol 156:515–520  

    Chamilos G, Bamias A, Efstathiou E et al (2005) Outpatient treatment of low-risk neutropenic 
fever in cancer patients using oral moxifl oxacin. Cancer 103:2629–2635  

    Corey L, Boeckh M (2002) Persistent fever in patients with neutropenia. N Engl J Med 
346:222–224  

    Dellit TH, Owens RC, McGowan JE et al (2007) Infectious Diseases Society of America and the 
Society for Healthcare Epidemiology of America Guidelines for developing an institutional 
program to enhance antimicrobial stewardship. Clin Infect Dis 44:159–177  

    Elting LS, Bodey GP, Fainstein V (1986) Polymicrobial septicemia in the cancer patient. Medicine 
65:218–225  

    Elting LS, Rubenstein EB, Rolston KV et al (1997) Outcomes of bacteremia in patients with can-
cer and neutropenia: observations from two decades of epidemiological and clinical trials. Clin 
Infect Dis 25(2):247–259  

    Elting LS, Rubenstein EB, Rolston K et al (2000) Time to clinical response: an outcome of antibi-
otic therapy of febrile neutropenia with implications for quality and cost of care. J Clin Oncol 
8:3699–3706  

    Freifeld A, Marchigiani D, Walsh T et al (1999) A double-blind comparison of empirical oral and 
intravenous antibiotic therapy for low-risk febrile patients with neutropenia during cancer che-
motherapy. N Engl J Med 341:305–311  

    Freifeld AG, Bow EJ, Sepkowitz KA et al (2011) Clinical practice guideline for the use of antimi-
crobial agents in neutropenic patients with cancer: 2010 update by the Infectious Diseases 
Society of America. Clin Infect Dis 52(4):e56–e93  

    Gafter-Gvili A, Fraser A, Paul M et al (2005) Meta-analysis: antibiotic prophylaxis reduces mor-
tality in neutropenic patients. Ann Intern Med 142:979–995  

    Hübel K, Carter RA, Liles WC et al (2002) Granulocyte transfusion therapy for infections in can-
didates and recipients of HPC transplantation: a comparative analysis of feasibility and out-
come for community donors versus related donors. Transfusion 42:1414–1421  

    Hughes WT, Armstrong D, Bodey GP et al (1997) Guidelines for the use of antimicrobial agents 
in neutropenic patients with unexplained fever. Infectious Diseases Society of America. Clin 
Infect Dis 25(3):551–573  

    Imachi M, Tanaka S, Ishikawa S et al (1993) Spontaneous perforation of pyometra presenting as 
generalized peritonitis in a patient with cervical cancer. Gynecol Oncol 50:384–388  



272 K.V.I. Rolston

    Kern KV (2006) Risk assessment and treatment of low-risk patients with febrile neutropenia. Clin 
Infect Dis 15:533–540  

    Kern WV, Andriof E, Oethinger M et al (1994) Emergence of fl uoroquinolone-resistant  Escherichia 
coli  at a cancer center. Antimicrob Agents Chemother 38:681–687  

    Kern WV, Cometta A, De Bock R et al (1999) Oral versus intravenous empirical antimicrobial 
therapy for fever in patients with granulocytopenia who are receiving cancer chemotherapy. 
International Antimicrobial Therapy Cooperative Group of the European Organization for 
Research and Treatment of Cancer. N Engl J Med 341:312–318  

    Klastersky J, Paesmans M, Rubenstein E et al (2000) The MASCC risk index: a multinational scor-
ing system to predict low-risk febrile neutropenic cancer patients. J Clin Oncol 18:3038–3051  

    Lyman GH, Rolston KV (2010) How we treat febrile neutropenia in patients receiving cancer 
chemotherapy. J Oncol Pract 6(3):149–152  

    Metjian TA, Prasad PA, Kogon A et al (2008) Evaluation of an antimicrobial stewardship program 
at a pediatric teaching hospital. Pediatr Infect Dis J 27:106–111  

   Mulanovich V, Chemaly R, Mihu C et al (2009) Antimicrobial stewardship program in The Critical 
Care Unit (CCU) of a comprehensive cancer center (Abst. 09–070). In: Multinational 
Association for supportive care in cancer 2009 international MASCC/ISOO symposium, 
Rome  

    Penel N, Yazdanpanah Y, Chauvet MP et al (2007) Prevention of surgical site infection after breast 
cancer surgery by targeted prophylaxis antibiotic in patients at high risk of surgical site infec-
tion. J Surg Oncol 96(2):124–129  

    Rolston KVI (2001) Infections in patients with solid tumors. In: Rolston KVI, Rubenstein E (eds) 
Textbook of febrile neutropenia. Martin Dunitz Ltd, London  

    Rolston KVI (2003) Oral antibiotic administration and early hospital discharge is a safe and effec-
tive alternative for treatment of low-risk neutropenic fever. Cancer Treat Rev 29:551–554  

    Rolston KV (2005) Challenges in the treatment of infections caused by gram-positive and gram-
negative bacteria in patients with cancer and neutropenia. Clin Infect Dis 40(4):246–252  

    Rolston KVI, Bodey GP (1993) Diagnosis and management of perianal and perirectal infection in 
the granulocytopenic patient. In: Remington J, Swartz MN (eds) Current clinical topics in 
infectious diseases. Blackwell Scientifi c Publications, Boston  

    Rolston KVI, Dholakia N, Rodriguez S et al (1995) Nature and outcome of febrile episodes in 
patients with pancreatic and hepato-biliary cancer. Support Care Cancer 3:414–417  

    Rolston KVI, Manzullo EF, Elting LS et al (2006) Once daily, oral, outpatient quinolone mono-
therapy for low-risk cancer patients with fever and neutropenia. Cancer 106:2489–2494  

    Rolston KVI, Bodey GP, Safdar A (2007) Polymicrobial infection in patients with cancer: an 
underappreciated and underreported entity. Clin Infect Dis 45:228–233  

    Rolston KVI, Frisbee-Hume SE, Patel S et al (2009) Oral moxifl oxacin for outpatient treatment of 
low-risk, febrile neutropenic patients. Support Care Cancer 18(1):89–94  

    Rubenstein EB, Rolston K, Benjamin RS et al (1993) Outpatient treatment of febrile episodes in 
low risk neutropenic cancer patients. Cancer 71:3640–3646  

    Safdar A, Rolston KV (2007)  Stenotrophomonas maltophilia : changing spectrum of a serious bac-
terial pathogen in patients with cancer. Clin Infect Dis 45:1602–1609  

    Smith TH, Khatcheressian J, Lyman GH et al (2006) Update of recommendations for the use of 
white blood cell growth factors: an evidence-based clinical practice guideline. J Clin Oncol 
24:3187–3205  

   Statistics published by the American Cancer Society (2010) Cancer facts fi gures.   www.cancer.org/
Research/Cancer      

    Vidal L, Paul M, Ben-Dor I et al (2004) Oral versus intravenous antibiotic treatment for febrile 
neutropenia in cancer patients: a systematic review and meta-analysis of randomized trials. 
J Antimicrob Chemother 54:29–37  

    Walton GM (1999) Complications of percutaneous gastronomy in patients with head and neck 
cancer – an analysis of 42 consecutive patients. Ann R Coll Surg Engl 81:272–276  

http://www.cancer.org/Research/Cancer
http://www.cancer.org/Research/Cancer


27312 Management of Bacterial    Infectious Complications in Cancer Patients

    Wisplinghoff H, Seifert H, Wenzel RP et al (2003) Current trends in the epidemiology of nosocomial 
bloodstream infections in patients with hematological malignancies and solid neoplasms in 
hospitals in the United States. Clin Infect Dis 36:1103–1110  

    Yadegarynia D, Tarrand J, Raad I (2003) Current spectrum of bacterial infections in cancer patients. 
Clin Infect Dis 37:1144–1145  

    Zinner SH (1999) Changing epidemiology of infections in patients with neutropenia and cancer: 
emphasis on gram-positive and resistant bacteria. Clin Infect Dis 29:490–494      



275A.A. Khan (ed.), Bacteria and Cancer, DOI 10.1007/978-94-007-2585-0, 
© Springer Science+Business Media B.V. 2012

  A 
  Acute lymphoblastic leukaemia (ALL) , 200, 

225–239   
  Adenoma , 11, 43, 44, 64, 66, 69, 72, 128, 

172, 179   
  ALL.    See  Acute lymphoblastic leukaemia  
  Amerindians , 128, 130, 133   
  Antibiotic therapy , 49, 84, 85, 94–96, 105, 

154, 156–158, 260–264   
  Anticancer drug , 189, 197, 203, 246, 247, 

249–255   
  Anticancer therapy , 188, 195, 203, 246, 256   
  Antimicrobial prophylaxis , 260, 261, 266–267   
  Antimicrobial stewardship , 269–271   
  Antineoplastic , 225–239, 261   
  Apoptosis , 27, 32, 33, 45–50, 84, 86–87, 146, 

147, 168–170, 172, 175, 178, 180, 
193, 194   

  Asparaginase , 225–239    

  B 
  Bacteremia , 63–65, 72, 121, 177, 178, 260, 

266, 268   
  Bacteria     , 1–17, 27, 62, 80, 118, 146, 165–181, 

185–203, 210, 225–239, 245–256, 
259–271   

  Bacterial attachment , 42, 83, 146, 170, 172, 
178, 250, 251, 254   

  Bacterial enzymes , 176, 189, 232   
  Bacterial gene-directed enzyme prodrug 

therapy , 189   
  Bacterial infection , 1–17, 37, 38, 69, 80, 102, 

167, 168, 170, 171, 173, 181, 195, 199, 
211, 214, 215, 217, 227, 250, 260, 
261, 270   

  Bacterial invasion , 27, 84, 118, 120, 178, 198, 
210, 211, 249, 252–255   

  Bacterial therapy , 196, 199, 211, 217, 219   
  Bacterial toxin , 2, 84, 169–170, 181, 189, 

193–195, 246   
  B-cell help , 49, 50   
   Bifi dobacterium  , 190, 191, 196, 197, 211   
  Biliary tract cancer , 13, 64, 131   
  Biofi lms , 247–251, 254–256   
  Biomarker , 134   
  Bladder , 15–16, 190, 192, 202    

  C 
  Cancer 

 causes , 1, 2, 6, 15, 17, 27, 28, 118, 
129–131, 134, 167, 169, 171, 180, 181, 
191, 196, 199, 211, 226, 227, 231, 233, 
246, 266, 269  

 patients , 14, 65, 69, 177, 178, 190, 191, 
193, 197, 199, 202, 203, 211, 247, 
259–271  

 prevention , 8, 52, 133, 190, 193, 228, 251  
 therapy , 2, 185–203, 211, 229   

  Carcinogenesis , 4, 10, 12, 15, 28–35, 39, 
41–46, 51, 52, 63, 65–70, 72, 73, 80, 
81, 84, 88, 90, 118, 167–174, 178–181, 
188, 193, 247   

  Carcinoma , 2–7, 11, 27, 28, 30, 31, 39, 40, 42, 
69, 72, 81, 86, 88, 108, 126, 127, 132, 
147, 170, 171, 174–181, 188, 192, 195, 
196, 198, 250, 253, 268   

  Cell culture , 45, 86, 104, 109, 177, 200, 201   
  Chemotherapy , 2, 27, 104, 106, 144, 145, 188, 

189, 191–194, 197, 199, 201, 211, 220, 
227–230, 236, 239, 249, 266, 268   

                          Index 



276 Index

   Chlamydia  
  C. pneumoniae  , 17, 81, 82, 84–90, 93, 

96–98, 100–102, 108, 147, 148, 150, 
152, 154, 156, 167, 179–180  

  C. psittaci  , 81, 82, 86, 87, 90, 92–102, 108, 
148–156  

  C. trachomatis  , 81, 82, 85–87, 90, 93, 
97–108, 147, 150, 152, 154, 156   

   Chlamydophila  
  C. pneumoniae  , 81, 146, 154  
  C. psittaci  , 81, 139–158   

  Cholesterol gallstone , 124, 133   
  Chronic carrier , 13, 80, 118, 120, 122–125, 

131–133, 176   
  Chronic infection , 11–14, 17, 29, 37, 48, 

79–109, 118, 123, 149, 168, 180   
  Chronic infl ammation , 7, 28, 29, 31, 38, 39, 

42, 62, 89, 108, 126, 128, 141, 148, 
168–169, 174, 176, 180, 181   

   Clostridium  , 169, 189, 191, 194, 195, 197, 
211, 251, 262   

  Colon , 11, 12, 16, 63, 67, 69, 70, 72, 154, 
167, 177–179, 190, 194, 197, 199, 
202, 213   

  Colorectal cancer , 11, 12, 61–73, 
179, 190   

  Cytosine deaminase (CD) , 197, 200, 
201, 203   

  Cytotoxicity , 47–49, 51, 192, 194, 227, 231    

  D 
  Diagnosis , 9, 42, 69, 92, 94, 102, 105–107, 

109, 126, 143, 151, 156, 157, 227, 246, 
267, 269   

  Digestive cancer , 64   
  Diptheria , 194   
  DNA 

 damage , 35–38, 51, 88, 124, 168, 169, 171, 
175, 177, 180, 248, 252, 253  

 replication inhibitors , 203, 247–251   
  Doxycycline , 96, 104–108, 153, 156–158    

  E 
  Elementary bodies (EB) , 82–85, 94, 

146, 151   
  Endocarditis , 63, 64, 70, 72, 73, 177–179   
  Enteric fever , 125   
  Enteric infections , 125   
  Environmental exposure , 12   
  Epidemiology , 1–17, 102, 118, 125–126, 132, 

148, 260, 269, 270   
  Esophagus , 3–6    

  F 
  Fas ligand , 47–49, 51   
  Fluorescence , 89, 156, 213, 216, 217, 219   
  5-Fluorocytosine (5FC) , 197   
  5-Fluorouracil (5FU) gene therapy , 197, 211   
   Fusarium  , 234    

  G 
  Gallbladder , 14, 80, 181  

 cancer , 12–13, 117–134, 167, 176–177   
  Gallstones (GS) , 12, 118, 123, 124, 126, 

128–133   
  Gastric cancer , 2, 5–10, 17, 25–52, 63, 71, 80, 

167, 173–176, 181, 194   
  Gastric lymphoma , 2, 47, 52, 94, 154, 174, 176   
  Genetically engineered bacteria , 196   
   b -Glucuronidase , 197   
  Green fl uorescent protein (GFP) , 212–215, 

217, 219    

  H 
  Heat shock proteins (Hsp) , 41, 47, 49, 83–86, 

88, 99, 100, 103–107, 147, 149, 155, 180   
   Helicobacter pylori  (HP) , 2, 4–8, 14, 15, 17, 

25–52, 62, 63, 69, 71, 80, 91, 92, 94, 
95, 102, 141, 149, 150, 154, 167–176, 
178, 181   

  Hsp.    See  Heat shock proteins  
  Hypoxia , 190, 191, 197, 199, 211    

  I 
  Imaging , 143, 197, 201, 212, 213, 215–217, 

219, 251, 262, 266   
  Infection,   1–17, 27, 62, 79–109, 118, 139–158, 

167, 188, 211, 226, 246, 259–271    
 control , 269–271   

  Infl ammation , 4, 7, 12, 27–31, 34, 36–38, 
40–42, 51, 62, 63, 81, 83, 86, 89, 91, 
126, 128, 143, 168–169, 171, 173, 174, 
176, 180, 181, 190, 199, 210   

  Intestine , 63, 67, 120, 179, 246    

  L 
  Leucine-arginine auxotrophs , 211   
  Leukemia , 167, 192, 201, 225–239, 253   
  Lung , 14, 89–91, 134, 152, 155, 196, 217, 

250, 253, 261, 268, 269  
 cancer , 16–17, 88, 108, 147, 167, 179–180, 

192, 194, 218   
  Lymphoma genesis , 49, 50, 52, 90–93, 108, 149    



277Index

  M 
  Macrolides , 86, 107   
  MALT.    See  Mucosa-associated lymphoid tissue  
  Marginal zone B-cell lymphoma (MZL) , 91, 

94, 105, 107, 140–158   
  Metastasis , 63, 69, 168, 199, 203, 216–218, 

246, 247, 250–251, 255   
  Mice , 29, 30, 34, 36, 37, 39–41, 46, 48–50, 63, 

172, 190, 191, 193–196, 198, 199, 203, 
211–221, 230, 233, 235   

  Microorganisms , 73, 88, 92, 94, 95, 108, 124, 
234, 266, 269   

  Molecular evolution , 253   
  Mucosa-associated lymphoid tissue (MALT) , 

47, 81, 139, 140, 143, 146, 148–151, 
153, 156–158  

 MALT lymphoma (MALToma) , 27, 28, 
48–51, 90–108, 141, 142, 144, 145, 
147, 152, 154, 155, 167, 176   

  Mucosal immunity , 42   
  MZL.    See  Marginal zone B-cell lymphoma   

  N 
  Neutropenia , 260, 262, 264–267   
  Nitroreductase (NR) , 187, 197   
  Non-Hodgkin’s lymphoma (NHL) , 2, 81, 91, 

92, 107, 108, 155, 229   
  Nude mice , 193, 195, 212–219    

  O 
  Ocular adnexal lymphoma (OAL) , 81, 86, 90, 

92–97, 100–102, 104–108, 139–158    

  P 
  Pancreas , 13–15, 64, 216, 235, 237   
  PBMC.    See  Peripheral blood 

mononuclear cell  
  Pegaspargase , 237, 238   
  Perforin , 47–51   
  Peripheral blood mononuclear cell (PBMC) , 

88–90, 94, 97–101, 104–107, 
149–151, 154   

  Polymerase chain reaction (PCR) , 68, 71, 90, 
94, 96–101, 104–107, 123, 141, 147, 
148, 152–156, 176, 219   

  Polyp , 44, 64–67, 69, 70, 73, 178, 179, 190   
  Proteins , 6, 30–37, 41, 43–48, 51, 63, 67, 72, 

82–85, 87, 93, 102, 146, 147, 149–151, 
155, 169–175, 178, 180, 188, 193–198, 
201, 212, 219, 229–233, 235–238, 
250–255   

  Proteomics , 251, 254, 255   
   Pseudomonas  , 193–195, 203, 233–235, 

248–250, 252–254, 260, 261    

  Q 
  Quinolones , 86, 107, 265, 267    

  R 
  Radiotherapy , 96, 144–145, 188, 191, 

194, 211   
  Rectum , 11   
  Red fl uorescent protein (RFP) , 212, 213, 

215–219   
  Reticulate-bodies (RB) , 82–86, 146, 

147, 151   
  Reverse transcriptase PCR (RT-PCR) , 100, 

101, 104–107, 154   
  Review , 5, 8, 10, 11, 16, 28, 68, 118, 121, 124, 

128, 130, 131, 211, 251, 253    

  S 
   Salmonella  

  S. enterica  , 118, 119  
  S. typhi  , 12, 13, 80, 117–134, 167, 169, 

176–177, 181, 193  
  S. typhimurium  , 187, 191, 196–198, 

209–221   
  Serology , 68–69, 102, 122, 123, 154, 176   
  SOS , 203, 247, 248, 251–255   
  Spores , 189, 191, 195–196, 199, 211   
  Stomach , 1, 2, 4, 6–10, 12, 14, 27–30, 32, 

34, 39, 40, 42, 43, 48–50, 80, 91, 
175, 176   

   Streptococcus  
  S. bovis  (SB) , 11, 61–73, 167, 177–179  
  S. gallolyticus  , 63, 64, 71–73, 179    

  T 
  T cells , 32, 33, 44, 47–51, 83, 87, 88, 108, 

141, 147, 172, 175–177, 198, 231, 233   
  T helper 1 (Th1) , 40–42, 83, 172, 177   
  T helper 2 (Th2) , 172, 180   
  T helper,  49     
  Time-release polymerase chain reaction 

(TETR-PCR) , 96–101, 147, 152, 153, 
155, 156   

  Toxin , 2, 6, 32–34, 50, 69, 70, 81, 84, 124, 
169–170, 174–177, 181, 188, 189, 191, 
193–195, 199–201, 203, 211, 220, 
246, 262   



278 Index

  Tumour targeting , 212–215, 220   
  Tumour , 2–4, 17, 26, 29, 34–36, 38–50, 

63–65, 68–73, 81, 91–93, 97, 104, 
107, 126, 140, 141, 143–147, 150, 
157, 167, 168, 170, 171, 173, 
178–180, 188–203, 210–221, 226, 
230, 231, 246, 247, 249, 251, 253, 
254, 266–270   

  Typhoid fever , 13–15, 17, 119–125, 130–134, 
176, 246    

  V 
  Vaccines , 8, 119, 125, 188, 189, 198   
  Vector , 37, 120, 189, 196–199, 203, 211   
  Vi antibodies , 123, 132, 134           


	001Download PDF (84.8 KB)front-matter
	Bacteria and Cancer
	Contents


	002Download PDF (499.0 KB)fulltext
	Chapter 1: Epidemiology of the Association Between Bacterial Infections and Cancer
	1.1 Introduction
	1.2 Oesophageal Cancer
	1.2.1 Viral, Parasitic and Fungal Infection

	1.3 Gastric Cancer
	1.3.1 Helicobacter pylori Infection
	1.3.2 Chronic Bacterial Overgrowth of the Stomach
	1.3.3 Pernicious Anaemia
	1.3.4 Surgery for Peptic Ulcer
	1.3.5 Possible Mechanism for Gastric Carcinogenesis in Instances of Hypochlorhydria

	1.4 Colorectal Cancer
	1.4.1 Faecal Bacteria Present in the Colon
	1.4.2 Streptococcus bovis
	1.4.3 E. coli and Inflammatory Bowel Disease

	1.5 Gallbladder Cancer
	1.5.1 Gallstones
	1.5.2 Polya Partial Gastrectomy
	1.5.3 Infection with Salmonella typhi/paratyphi
	1.5.4 Infection with Helicobacter species

	1.6 Pancreatic Cancer
	1.6.1 Surgery for Peptic Ulcer
	1.6.2 Helicobacter species Infection
	1.6.3 Typhoid Carriage

	1.7 Bladder Cancer
	1.7.1 Schistosoma haematobium
	1.7.2 Tuberculosis

	1.8 Lung Cancer
	1.8.1 Pulmonary Tuberculosis
	1.8.2 Chlamydia pneumonia
	1.8.3 Helicobacter pylori Infection

	1.9 Conclusion
	References


	003Download PDF (1.0 MB)fulltext
	Chapter 2: Gastric Cancer and Helicobacter pylori
	2.1 Introduction
	2.2 Pathophysiology of H. pylori Infection
	2.3 H. pylori Factors That Interact with the Host and Mediate Carcinogenesis
	2.3.1 CagA and the cag Pathogenicity Island
	2.3.2 The H. pylori Vacuolating Cytotoxin
	2.3.3 Outer Membrane Proteins

	2.4 Influence of Helicobacter pylori Infection on DNA Damage and Repair
	2.4.1 DNA Repair
	2.4.2 DNA Damage
	2.4.3 mtDNA Instability and H. pylori Infection

	2.5 Pro-tumorigenesis Host Factors
	2.5.1 Human Gene Polymorphisms
	2.5.1.1 IL-1 Gene
	2.5.1.2 TNF-a, IL-10 and CXCL8 Genes
	2.5.1.3 Immune Response Genes

	2.5.2 b -Catenin in H. pylori Carcinogenesis
	2.5.3 Transactivation of EGFR by H. pylori
	2.5.4 H. pylori , Gastric Autoimmunity and Gastric Atrophy

	2.6 H. pylori and Immunity in MALT Lymphoma
	2.7 Conclusion
	References


	004Download PDF (567.6 KB)fulltext
	Chapter 3: Streptococcus bovis and Colorectal Cancer
	3.1 Colorectal Cancer and Microbial Agents
	3.2 Microbiological Characteristics of Streptococcus bovis
	3.3 Association of SB with Colorectal Disease
	3.4 Potential Mechanisms in Carcinogenesis
	3.5 SB Serology in CRC Patients
	3.6 SB and CRC Risk
	3.7 Model for the Association of SB with CRC
	3.8 Conclusion
	References


	005Download PDF (638.3 KB)fulltext
	Chapter 4: Chlamydial Disease: A Crossroad Between Chronic Infection and Development of Cancer
	4.1 Introduction
	4.2 Chlamydiae
	4.2.1 Characteristics and Developmental Cell Cycle
	4.2.2 Chlamydia Strategies for Evading Host Immune Response
	4.2.3 Chlamydia Persistence and Chronic Infection
	4.2.4 Chlamydia and Apoptosis

	4.3 Chlamydiae spp. and their Role in Cancer and in Chronic Diseases
	4.3.1 C. pneumoniae
	4.3.2 Other Chlamydiae

	4.4 Role of Chlamydia in MALT Lymphomas
	4.4.1 Chlamydia spp. and Ocular Adnexal MALT Lymphoma
	4.4.1.1 Data Supporting C. psittaci as Potential Infectious Agent in the Development of OAL
	4.4.1.2 Data not Supporting the Exclusive Role of C. psittaci in Development of OAL

	4.4.2 Role of C. pneumoniae
	4.4.3 Role of C. trachomatis
	4.4.3.1 Epidemiology and Clinical Features
	4.4.3.2 C. trachomatis and Development of OAL
	4.4.3.3 Antibiotic Treatment and Significance of Molecular Recovery of C. trachomatis in Patients with OAL


	4.5 Conclusion
	References


	006Download PDF (330.8 KB)fulltext
	Chapter 5: Salmonella typhi and Gallbladder Cancer
	5.1 Introduction
	5.2 Salmonella typhi Infection, Transmission and Acquisition
	5.2.1 Acute S. typhi Infection: Typhoid Fever (TF)
	5.2.1.1 Natural History and Clinical Presentation
	 Risk Factors for Typhoid Fever

	5.2.1.2 Worldwide Distribution of Typhoid Fever
	 Incidence in Endemic Areas
	 Age Specific Incident Infection
	 Seasonality
	 Recent Trends


	5.2.2 Chronic S. typhi Infection
	5.2.2.1 Prevalence of S. typhi Chronic Carriers
	5.2.2.2 Laboratory Methods to Identify Chronic Carriers
	5.2.2.3 Determinants of Chronic Persistence of S. typhi
	5.2.2.4 Mechanism of S. typhi Persistence in the Gallbladder
	5.2.2.5 Characteristics of S. typhi That Could Explain Its Oncogenicity

	5.2.3 Prevention and Control of Typhoid Fever
	5.2.3.1 Environmental Hygiene
	5.2.3.2 Individual Based Interventions Including S. typhi Vaccine, Control of Food Handlers, Eradication of Chronic Carriers


	5.3 Gallbladder Cancer
	5.3.1 Epidemiology and Worldwide Distribution
	5.3.2 Clinical Presentation and Survival
	5.3.3 Natural History of GBC
	5.3.4 Risk Factors of GBC
	5.3.4.1 Gallstones
	5.3.4.2 Gallstones and GBC
	5.3.4.3 Genetic Susceptibility
	5.3.4.4 Lifestyle and Hormonal Factors
	5.3.4.5 Environmental Factor
	5.3.4.6 Epidemiological Evidence of the Association Between S. typhi Infection and GBC
	 Retrospective Cohort Studies
	 Case-Control Studies
	 Ecological Studies


	5.3.5 Interventions to Decrease the Burden of GBC

	5.4 Conclusions
	References


	007Download PDF (480.6 KB)fulltext
	Chapter 6: Ocular Adnexal Lymphoma of MALT-Type and Its Association with Chlamydophila psittaci Infection
	6.1 Ocular Adnexal Lymphoma
	6.1.1 Epidemiological Data
	6.1.2 Pathological Features
	6.1.3 Molecular Features and Cytogenetics
	6.1.4 Clinical Aspects
	6.1.4.1 Presentation
	6.1.4.2 Staging Procedures
	6.1.4.3 Clinical History and Prognosis

	6.1.5 Treatment
	6.1.5.1 Surgery
	6.1.5.2 Radiotherapy
	6.1.5.3 Chemotherapy and Immunotherapy
	6.1.5.4 Intralesional and Topic Treatment


	6.2 Chlamydiae
	6.2.1 Structure and Biology
	6.2.2 Chlamydial Infection and Tumours
	6.2.3 Epidemiology of Chlamydiae

	6.3 C. psittaci Infection in OAMZL Patients
	6.3.1 OAMZL Pathogenesis
	6.3.2 Prevalence of Cp Infection in OAMZL
	6.3.3 World-Wide Variability of Prevalence of Cp Infection in OAMZL Patients
	6.3.4 In Vitro Growth
	6.3.5 Other Infections in OAMZL
	6.3.6 Cp Infection in Other Lymphomas
	6.3.7 Cp Detection Methods

	6.4 Chlamydophila psittaci Eradicating Antibiotic Therapy
	6.4.1 Therapeutic Modality and Results
	6.4.2 Risk of Cp Re-infection

	6.5 Conclusion
	References


	008Download PDF (273.0 KB)fulltext
	Chapter 7: Possible Strategies of Bacterial Involvement in Cancer Development
	7.1 Introduction
	7.2 Possible Strategies for Bacterial Involvement in Carcinogenesis
	7.2.1 Chronic Inflammation
	7.2.2 Bacterial Toxins
	7.2.3 Generation of Reactive Oxygen and Nitrogen Intermediate
	7.2.4 Epigenetic Alterations
	7.2.5 Direct Injection Effect
	7.2.6 Immune Modulation and Resistance to Phagocytosis
	7.2.7 Host Genetic Factor
	7.2.8 Affecting Stem Cell Homeostasis

	7.3 Some Representative Examples of Bacteria Associated Cancers
	7.3.1 H. pylori Causing Gastric Cancer and Lymphoma
	7.3.2 Salmonella typhi and Gallbladder Cancer
	7.3.3 Streptococcus bovis and Colon Cancer
	7.3.4 Chlamydia pneumoniae and Lung Cancer

	7.4 Conclusion
	References


	009Download PDF (342.3 KB)fulltext
	Chapter 8: Bacteria as a Therapeutic Approach in Cancer Therapy
	8.1 Introduction
	8.2 Historical Background
	8.3 Bacteria as Cancer Therapy
	8.3.1 Whole Bacteria
	8.3.2 Bacterial Derivatives/Products
	8.3.3 Bacterial Toxins
	8.3.3.1 Bacterial Toxins Binding to Tumour Surface Antigens
	8.3.3.2 Bacterial Toxins Conjugated to Ligands

	8.3.4 Bacterial Spores
	8.3.5 Bacteria as Vector for Gene Therapy
	8.3.5.1 Bacteria as Carriers of Tumoricidal Agents
	8.3.5.2 Bacterially Directed Enzyme Prodrug Therapy

	8.3.6 Bacteria as Immunotherapeutic Agents

	8.4 Limitations of Bacterial Therapy
	8.5 Conclusion
	8.6 Future Directions
	References


	010Download PDF (242.7 KB)fulltext
	Chapter 9: Targeting Cancer with Amino-Acid Auxotroph Salmonella typhimurium A1-R
	9.1 Introduction
	9.2 Development of Tumour-Targeting Amino Acid Auxotrophic Strain A1 of S. typhimurium
	9.2.1 GFP Transfection and Stable Expression in S. typhimurium
	9.2.2 Cancer Cell Killing by S. typhimurium In Vitro
	9.2.3 Mutation, Isolation and Identification of Auxotrophs of S. typhimurium -GFP

	9.3 Efficacy of S. typhimurium Amino Acid Auxotrophs on Cancer
	9.3.1 In Vivo Efficacy Testing of S. typhimurium A1
	9.3.2 Isolation of High-Tumour-Virulence Variant S. typhimurium A1
	9.3.3 Enhanced Tumour Virulence of S. typhimurium A1-R in PC-3 Human Prostate Cancer Cells In Vitro
	9.3.4 Enhanced Tumour Targeting of S. typhimurium A1-R in Nude Mice with the PC-3 Tumour
	9.3.5 Efficacy of A1-R in Orthotopic Metastatic Human Prostate Tumour Models
	9.3.6 Dose Response of A1-R
	9.3.7 Comparison of Biodistribution Between S. typhimurium Strains A1 and A1-R in Normal Tissue In Vivo
	9.3.8 Tumour Targeting by A1-R
	9.3.9 Efficacy of A1-R on Breast Tumour Growth
	9.3.10 Survival Efficacy with A1-R Treatment in Orthotopic Breast Cancer Models
	9.3.11 Efficacy of A1-R on Primary Pancreatic Cancer
	9.3.11.1 Intracellular Growth of S. typhimurium A1-R
	9.3.11.2 A1-R Treatment Schedule In Vivo
	9.3.11.3 Efficacy of A1-R on Pancreatic Cancer


	9.4 Targeting Metastasis with A1-R
	9.4.1 Targeting A1-R to Pancreatic Cancer Liver Metastasis
	9.4.2 Experimental Lymph Node Metastasis Cured by Specific Targeting of a A1-R
	9.4.3 A1-R Targeted Therapy of Spontaneous Lymph Node Metastasis
	9.4.4 A1-R Therapy for Experimental Lung Metastasis
	9.4.5 Targeting of Primary Bone Tumour and Lung Metastasis of High Grade Osteosarcoma in Nude Mice with A1-R
	9.5 Targeting of Spinal Cord with A1-R

	9.6 Tumour-Positive Vascularity Correlates with Susceptibility to A1-R
	9.7 Screening for Salmonella Promoters Differentially Activated in the PC-3 Prostate Tumour
	9.8 Screening for S. typhimurium Mutants That Enhance Selective Tumour Targeting
	9.9 Oral Administration of Tumour-Targeting Bacteria
	9.10 Conclusion
	References


	011Download PDF (317.0 KB)fulltext
	Chapter 10: Bacterial Asparaginase: A Potential Antineoplastic Agent for Treatment of Acute Lymphoblastic Leukemia
	10.1 Introduction
	10.2 Chemotherapy
	10.2.1 Remission or Induction Chemotherapy
	10.2.2 Consolidation or Intensification Chemotherapy
	10.2.3 Maintenance Chemotherapy
	10.2.4 CNS Prophylaxis

	10.3 Biomedical Application of L-Asparaginase
	10.3.1 L-Asparaginase as Anti-tumour Drug
	10.3.2 General Mechanism of Reaction Catalyzed by L-Asparaginase
	10.3.2.1 Biochemistry and Mechanism of Action Catalyzed by L-Asparaginase
	10.3.2.2 More on the Mechanism of Action of L-Asparaginase


	10.4 Micro Organisms Associated with L-Asparaginase Production
	10.4.1 Bacterial Asparaginase
	10.4.1.1 Side Effect of Bacterial Asparaginase
	 Hypersensitivity
	 Coagulation Disorder
	 Pancreatitis, Hyperglycemia, Hepatotoxicity

	10.4.1.2 Adverse Effects by Asparaginase Formulations
	 Comparison of Hypersensitivity Reaction with Different Aspararaginase Preparation
	 Comparison of Hepatotoxicity Reaction with Different Aspararaginase Preparation
	10.4.2 Recent Improvement in Bacterial L-Asparaginase


	10.5 Conclusion
	References


	012Download PDF (410.8 KB)fulltext
	Chapter 11: Can Bacteria Evolve Anticancer Phenotypes?
	11.1 Introduction
	11.2 Multicellularity of a Unicellular Organism in Response to DNA Replication Stress
	11.2.1 Bacterial Biofilm vs. Cancer
	11.2.2 A New Mechanism for Biofilm Development in Response to DNA Replication Inhibitors
	11.2.3 Analogous Behaviors of Biofilms and Cancer Encountering DNA Replication Inhibitors
	11.2.4 Evolutionary Relationship Between Bacterial Biofilms and Cancer

	11.3 Bacteria Form Biofilms Against Cancer Metastasis
	11.3.1 A Hypothesis About Bacterial Anti-metastasis Therapy
	11.3.2 Can Bacteria Form Biofilms on Cancer Cells?
	11.3.3 Can Bacteria Produce Anticancer Macromolecules?

	11.4 Bacteria Under SOS Evolve Anticancer Phenotypes
	11.4.1 Background
	11.4.1.1 Live Bacteria as Anti-cancer Therapeutics
	11.4.1.2 Analogy of Bacterial Lifestyle to Cancer Cell Behaviors
	11.4.1.3 Bacterial SOS Response as Evolution Driving Force

	11.4.2 Presentation of the Hypothesis
	11.4.2.1 Can Bacteria Be Tamed to Produce Anticancer Phenotypes?
	11.4.2.2 Generation of Anticancer Phenotypes During SOS

	11.4.3 Testing the Hypothesis
	11.4.3.1 Experimental Design
	11.4.3.2 Bacterial Proteins Differentially Induced During Bacteria-Cancer Interaction
	11.4.3.3 Identification of Bacterial Genes Encoding Cancer Adhesion and Invasion

	11.4.4 One Implication of the Hypothesis

	11.5 Conclusion
	References


	013Download PDF (374.9 KB)fulltext
	Chapter 12: Management of Bacterial Infectious Complications in Cancer Patients
	12.1 Bacterial Infections in Neutropenic Patients
	12.2 Spectrum of Infection
	12.3 Initial Assessment of Neutropenic Patients
	12.4 Risk Assessment
	12.5 Risk Based Therapy
	12.5.1 Empiric Antibiotic Therapy in Low Risk Patients
	12.5.2 Empiric Therapy for Patients That Are Not Low Risk

	12.6 Evaluation of Response
	12.7 Duration of Therapy
	12.8 Antimicrobial Prophylaxis
	12.9 Infections in Cancer Patients Without Neutropenia
	12.10 Predominant Sites of Infection
	12.11 Infection Control and Antimicrobial Stewardship
	12.12 Conclusion
	References


	014Download PDF (87.6 KB)back-matter
	Index


