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Abstract
Background—Intestinal bacteria have been implicated in colorectal cancer pathology for a long
time and a large number of reports point to a close linkage between Streptococcus bovis biotype I
(recently renamed Streptococcus gallolyticus) infections and tumors of the human colon. This
work aims to investigate the humoral immune response to this bacterium during different stages of
colorectal cancer.

Method—The presence of serum antibodies against S. bovis antigen RpL7/L12, previously
assigned as a potential diagnostic antigen, was evaluated in Dutch (n=209) and American (n=112)
populations using a newly developed ELISA assay.

Results—The analyses consistently showed that an immune response against this bacterial
antigen was increased in polyp patients and stage I/II colorectal cancer patients as compared to
asymptomatic individuals. This was 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 function. Notably, increased anti-RpL7/L12 levels were not or only mildly detected
in late stage colorectal cancer patients having lymph node or distant metastasis.

Conclusion—These findings are indicative for an increased exposure to antigen RpL7/L12
during early stages of colon carcinogenesis and suggest that intestinal bacteria, such as S. bovis,
constitute a risk factor for the progression of pre-malignant lesions into early stage carcinomas.
Clearly, the current findings emphasize the necessity for further studies on the possible etiologic
relationship between intestinal bacteria and human colorectal cancer.
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INTRODUCTION
The human gastrointestinal tract is the habitat for a large and dynamic bacterial community,
which is essential for digestion of food and the control of intestinal epithelial homeostasis
and human health. Gut flora may, however, also be a critical factor in gastrointestinal
diseases such as colorectal cancer (CRC) [1]. Although hundreds of microbial species reside
in the human intestinal tract, only a systemic infection with the Gram-positive gut bacterium
Streptococcus bovis (biotype I), recently renamed Streptococcus gallolyticus, has a well-
known clinical association with CRC [2–6]. This opportunistic pathogen is normally
detected in the gastrointestinal tract of about 10% of the human population [7]. Due to its
relative low virulence, S. bovis can only establish a systemic infection in
immunocompromised hosts (bacteremia) and/or individuals with damaged heart valves
(endocarditis) together resulting in a ~1% incidence of pathological S. bovis infections in
CRC patients. Interestingly, fecal carriage of S. bovis was shown to be increased about 5-
fold in patients with CRC [2], and a colon tumor was detected up to 60% of patients with an
S. bovis endocarditis or bacteremia [3]. Despite these observations, clear implications of this
infection have not yet been established. There are several possible interpretations that are
not necessarily mutually exclusive. First, it has been hypothesized that colorectal neoplastic
sites provide a specific niche for S. bovis resulting in sustained colonization, survival, and
the establishment of a local tumor-associated (clinically silent) infection. Second, S. bovis
itself may promote colorectal carcinogenesis, which has been supported by experimental
studies [8,9].

A previous pilot study showed that S. bovis infection profiles generated by mass
spectrometry, which consisted of antigens that were specifically bound by patient serum
IgG, could be observed in CRC patients. The most abundant antigen peaks in these profiles
belonged to a cluster of proteolytic fragments from ribosomal protein (Rp)L7/L12 [10,11].
The aim of the current study was to determining the relative serum anti-RpL7/L12 (IgG)
levels during different stages of CRC using a newly developed quantitative ELISA assay.
Cases and control samples from both Dutch and American institutes were used to determine
geographical influence. Importantly, these analyses consistently showed an increased
humoral immune response against RpL7/L12 in polyp and early CRC patients as compared
to healthy controls. In contrast, no increased anti-RpL7/L12 levels were found in late stage
CRC patients having lymph node or distant metastasis. Together, this provides the first
clinical support for a temporal association between S. bovis and human colon tumors during
CRC progression.

MATERIAL & METHODS
Patient material

Serum samples from 82 CRC and polyp patients and 10 patients with a systemic bacterial
infection who had been admitted to the Radboud University Nijmegen Medical Centre
(Nijmegen, The Netherlands) were used in this study. Patients suffering from infection with
S. bovis (Gram-positive) or E. coli (Gram-negative) strains were recognized by a positive
blood culture and routine microbial typing. Anonymized serum samples from 100 healthy
volunteers (age 18–25 years), which were collected as part of the Nijmegen Biomedical
Study [12,13] and 27 healthy blood donors (>50 years) were used as controls. In addition,
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plasma samples from 64 CRC/polyp patients and 48 healthy controls who participated in a
population-based case-control study in Metropolitan Detroit (USA), were included as a
second independent study population; Detroit cancer cases included 7 with stage unknown.
The use of the samples was approved by the local medical ethical committees and informed
consent was obtained when required. Serum and plasma samples were stored at −80 °C until
use.

RpL7/L12 overproduction and purification
To construct the RpL7/L12-His production vector pET11-RpL7/L12-His, chromosomal
DNA from S. gallolyticus subsp. gallolyticus strain UCN34 (previously classified as S. bovis
biotype I), was used as a template to amplify the rpL7/L12 gene. First a fragment comprising
the complete open reading frame of the rpL7/L12 gene was amplified by PCR using the
primers RpL7-u (5′-TCGACATATGGCATTGAACATTGAAAACATTATTGC-3′)
containing an NdeI cleavage site and RpL7-d (5′-
TCGAGGATCCTTAATGGTGATGGTGATGGTGTTTAAGAGTAACTGAAGCTCCAG
C-3′) that inserts a hexahistidine (6xHis) tag upstream of the rpL7/L12 gene stop codon and
contains a BamHI cleavage site. Next, the amplified fragment was cleaved with NdeI and
BamHI and ligated into the corresponding sites of pET11a (Novagen) and used to transform
Escherichia coli DH5α (Invitrogen) after which plasmid containing cells were selected on
50 μg/ml ampicillin [14]. Intact pET11-RpL7/L12-His was transferred to E. coli BL21
(DE3; Novagen) and cells were grown aerobically at 37°C in liquid Luria Broth (LB)
medium containing Bacto-tryptone (1%), Bacto-yeast extract (0.5%), NaCl (1%) and 50 μg/
ml ampicillin. RpL7/L12-His production was induced in exponentially growing cells by 500
nM isopropyl-D-thiogalacto-pyranoside (IPTG). Cells were harvested after 4 hours and
lysed by two freeze-thaw cycles after which native His-tagged RpL7/L12 was purified
(>95%) by Nickel-affinity chromatography using the Ni-NTA mini spin kit from Qiagen
[15]. Cell lysates and isolated protein fractions were analyzed by Tricine SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) [16]. The identity purified RpL7/L12-His
was confirmed by in-gel tryptic digestion followed by tandem mass spectrometry [17].

ELISA measurements
To measure anti-RpL7/L12 IgG levels, ELISA microtiter plates (Maxisorp Nunc) were first
coated with purified RpL7/L12-His (0.3 μg/ml) in 50 mM NaHCO3 (pH9.5) during a 48
hour incubation at 4°C. Next, wells were washed 3 times with 50 mM KH2PO4/130 mM
NaCl buffer (pH7) containing 0.01% Tween-20 (wash/incubation buffer) after which the
immobilized antigen was incubated with 100-fold diluted serum samples for 18 hours at
4°C. Wells were washed (3 times) after which incubation was prolonged for 90 min in the
presence of Horseradish peroxidase (HRP)-labeled goat anti-human IgG (1:15.000; Jackson
Immuno Research) at room temperature. After washing, 100 mM citric phosphate buffer
containing O-phenylenediamine dihydrochloride substrate (DAKO) and 0.0125% H2O2 was
added. The subsequent coloration reaction was terminated by the addition of 11% sulfuric
acid when appropriate. The optical density of HRP-mediated substrate conversion was
quantified at a wavelength of 492 nm in a spectrophotometer. Titers were expressed in
arbitrary optical density (OD) units. The correlation of the anti-RpL7/L12 ELISA and the
previously used RpL7/L12 immunocapture MS assay (peak m/z 7888) on 24 samples from
CRC patients and controls was 0.42 (Pearson; p=0.018) [10]. The average coefficient of
variation of the ELISA assay was determined to be 2.5% by repeated measurements of 48
samples included within this study. Anti-endotoxin IgG levels in serum were determined by
the EndoCab ELISA assay (Hycult Biotechnology) according to the manufacturers
instructions. Titers were expressed as median units (MU)/ml [17]. For the latter analysis,
180 samples, including 120 polyp and CRC samples and 60 controls, were randomly
selected from the Nijmegen and Detroit populations.
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Statistical Analyses
Routine statistical analysis was performed by SPSS version 16. Obtained data sets were
normally distributed. Detailed analyses by SAS version 9.1 revealed that age was correlated
with anti-RpL7/L12 IgG titer levels in each population at marginal levels (p=0.09 for
Nijmegen and p=0.07 for Detroit), while gender did not show any associations. Therefore
also age-adjusted analyses were performed. Age was imputed for 6 polyp cases in the
Nijmegen group using the overall mean of known values in this disease group. For all
tumors combined and their subgroups, age-adjusted means and standard errors (SE) of the
titers were calculated using a one-way analysis of covariance [18]. Age-adjusted odds ratios
(OR) associated with the above-median titer level, which was determined separately for the
Nijmegen and Detroit populations, were calculated by unconditional logistic regression
model [19].

RESULTS
Measurement of anti-RpL7/L12 serum levels in Dutch patients and controls

To evaluate whether serum anti-RpL7/L12 levels were positively associated with CRC as
found in our previous experiments [10,11], the anti-RpL7/L12 IgG levels were determined
in 12 polyp patients, 36 stage I/II, 18 stage III and 16 stage IV CRC patients using a new
ELISA assay (see Material and Methods Section). These levels were compared to the anti-
RpL7/L12 IgG levels of 27 healthy blood donors (>50 years) and 100 healthy youthful
blood donors between 18–25 years of age to investigate the effect of age on the serum anti-
RpL7/L12 levels.

At first sight, no noticeable differences in the median RpL7/L12 levels were observed when
all cases were combined and compared with healthy controls. However, detailed analysis
revealed a positive correlation of anti-RpL7/L12 levels with age and the presence of colon
polyps (Fig. 1A), thus showing a positive association with increased risk for CRC. In
contrast, a negative association of anti-RpL7/L12 levels was observed between patients with
early stage (I/II) tumors and those with advanced stage (III and IV) disease. Both polyp
patients and stage I/II CRC patients (here together defined as early stage CRC; Fig. 1C)
contained the highest anti-RpL7/L12 titers, which were significantly different from those of
healthy individuals (p=0.013) and advanced stage CRC patients (p=0.025). The age-adjusted
odds ratios (ORs) for colorectal tumors associated with above-median RpL7/L12 titers
ranged from 0.7 for stage III/IV tumors to 4.04 for polyps (Table 1). It should be noted that
although the relative anti-RpL7/L12 levels between polyp and early stage CRC patients and
healthy individuals are significantly different (Fig. 1C); this significance is lost with respect
to ORs as these are calculated in an age-adjusted manner (see Materials & Methods section).

Nevertheless, these data show that an increased humoral immune response to bacterial
antigen RpL7/L12 is associated with increased risk for CRC in a Dutch population, whereas
the immune response against this antigen in advanced stage CRC patients is similar to that
of healthy controls.

Measurement of anti-RpL7/L12 serum levels in patients and controls from the U.S.A
To confirm the apparent temporal association of the humoral immune response against
RpL7/L12 and CRC progression as observed in the Nijmegen population, a similar but
completely independent set of samples from CRC patients and controls from Detroit
(Michigan, USA) was included in this study. These comprised 12 polyp patients, and 23
stage I/II, 9 stage III, and 13 stage IV CRC patients. The serum anti-RpL7/L12 levels were
compared to those of 48 healthy control subjects. This showed the same overall trend as
observed for the Nijmegen samples (compare Figs. 1A and B). Compared to controls, early
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stage CRC patients contained significantly increased serum anti-RpL7/L12 levels (p=0.021;
Fig. 1D). However in this population the anti-RpL7/L12 levels were not significantly lower
in patients with stage III and IV compared to early stage CRC patients. The age-adjusted OR
for colorectal tumors associated with above-median titers was the highest for early stage
CRC (2.75), but also for all CRC cases the OR of 2.58 was significantly increased compared
to the population controls (Table 1).

Thus, these data show that increased anti-RpL7/L12 levels in patients from the U.S.A. are
significantly associated with an increased risk for CRC and that increased anti-RpL7/L12
levels are associated with early stage CRC irrespective of geographical location.

Comparison of anti-endotoxin and anti-RpL7/L12 serum levels in CRC patients
To investigate whether the increased humoral immune response against RpL7/L12 is related
to the fact that colon tumors make the intestinal tract more prone to bacterial infiltration in
general, the humoral immune response to endotoxin was determined in 120 polyp and CRC
patients and 60 healthy controls, randomly selected from the Nijmegen and Detroit
populations, by an ELISA assay. Endotoxin is an intrinsic component of the cell wall from
the majority of Gram-negative intestinal bacteria, and increased humoral immune response
against endotoxin is known to be associated with decreased colonic barrier function [20,21].
As shown in Figure 2A, the anti-endotoxin levels displayed a similar tendency as the anti-
RpL7/L12 levels. However, in contrast to anti-RpL7/L12, the relative endotoxin antibody
expression in patients with stage I/II tumors was markedly lower than in polyp patient.
Moreover, no significant differences were observed in anti-endotoxin IgG levels between
healthy, early stage CRC and advanced CRC (Fig. 2B). This suggests that increased anti-
RpL7/L12 levels in early CRC patients cannot be fully attributed to a general loss of
intestinal barrier function.

To further evaluate specificity of the observed increased anti-RpL7/L12 levels in CRC
patients, these levels were also determined in 5 patients with a systemic S. bovis infection
and 5 patients with an E. coli (Gram-negative) infection. As shown in Figure 3, anti-RpL7/
L12 levels in S. bovis-infected patients displayed a higher tendency than those in E. coli-
infected individuals. In fact, these levels matched to those of CRC patient with high anti-
RpL7/L12 levels. On the other hand, RpL7/L12 antibody levels in E. coli-infected patients
were higher than those of individuals with low anti-RpL7/L12 titers, which is indicative for
a certain extent of cross reactivity between antibodies elicited by ribosomal proteins of E.
coli and the RpL7/L12 antigen of S. bovis. Taken together, the increased anti-RpL7/L12
levels observed in early stage CRC patients strongly point towards a selective interaction of
S. bovis and colonic tumors, however, it cannot be excluded that this is also the case for
related bacterial species with highly homologous RpL7/L12 proteins.

DISCUSSION
Inspired by the results of our previous pilot study showing an enhanced immune response
against RpL7/L12 in CRC patients [10], we developed an ELISA-based quantitative
serological assay for S. bovis. The application of this anti-RpL7/L12(IgG) ELISA on two
independent sample collections demonstrates that anti-RpL7/L12 response is the most
pronounced in patients with early stage colonic tumors, which cannot be fully attributable to
impaired colonic barrier function. To our knowledge the present data show for the first time
that specific intestinal bacteria constitute a risk factor during the early stages of colon
carcinogenesis and may actively contribute to the progression of pre-malignant lesions into
early stage carcinomas. However, due to the observed cross reactivity of the anti-RpL7/L12
ELISA, we can currently not yet pinpoint the increased humoral immune response to
specific intestinal pathogens. It should be noted that an increased humoral immune response
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does not linearly reflect increased exposure on the individual level as there are many host
factors that determine the strength of an immune response. However, RpL7/L12 antibody
expression is preceded by exposure to this antigen, and we therefore feel that it is justified to
regard the increased RpL7/L12 serum antibody levels as a marker for increased antigen
exposure at the population level. As our observations are indicative for increased exposure
to S. bovis and possibly a subset of related intestinal bacteria, our current data will be
discussed in view of what is known about the clinical association between S. bovis and CRC.
We hypothesize the following events to take place during CRC development, although we
want to emphasize that most questions still remain to be answered. Furthermore, it should be
realized that although S. bovis biotype I (most strongly associated with CRC) was recently
renamed S. gallolyticus, we use S. bovis in this paper because it is unclear whether bacterial
strains have been properly classified into biotype I or biotype II (renamed Streptococcus
infantarius) in many of the previous investigations [4,6].

In healthy individuals, S. bovis incidentally enters the gastrointestinal tract where the
protective mucus layer prevents direct interaction of these bacteria with colon epithelial cells
[22], whereas the established intestinal flora may prevent S. bovis to be a general inhabitant
of the human gastrointestinal tract (detectable in ~10% of the healthy population) [7].
Increased anti-RpL7/L12 antibody prevalence in older subjects compared with younger
subjects observed in our control group may be explained by cohort effect or by impaired
local immunity to clear bacteria from the gastrointestinal tract associated with aging. It
should also be worth noting that about 20% of the population over age 50 years carries
asymptomatic colon polyps [23], and thereby this group may acquire higher anti-RpL7/L12
titers as described below.

Pre-malignant lesions can be initiated and progressed by carcinogenic (dietary) factors that
diffuse through the colonic mucus layer and induce mutations within the APC or B-catenin
genes [24]. 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 [25] and makes it susceptible to bacterial infiltration (Fig.
4). Pre-malignant epithelial sites may also provide a selective bacterial microenvironment,
for instance by the excretion of specific metabolites, recruitment of immune cells and/or
production of selective anti-microbial substances. Bacteria, such as S. bovis, which are
unable to effectively colonize the healthy colon may have a competitive advantage in this
microenvironment and survive for prolonged periods of time. These pre-malignant lesions
may also provide a portal of entry for S. bovis, which explains the increased anti-RpL7/L12
antibody and the increased occurrence of S. bovis endocarditis in colon adenoma patients [6]
Late stage tumors entering the metastatic phase seem to change in such a way that bacterial
survival on the tumor surface is diminished or antibody expression due to bacterial
interaction is reduced. The possibility that tumor progression may drive bacteria out of the
cancerous tissue is similar to what has been reported for H. pylori during gastric cancer
progression [26,27]. If true, this phenomenon may partly account for a wide range (10–60%)
of the prevalence of S. bovis reported for CRC patients that is comprised of various stages of
the disease.

The current data suggest that the exposure to bacterial antigen RpL7/L12 is accompanied by
an increased risk factor for CRC during the early stages of tumor development. This may be
explained by the fact that the interaction between bacteria and colorectal epithelial cells can
induce inflammatory pathways [28,29] or carcinogenic pathways that stimulate progression
of adenomas into carcinomas. Increased mutation rate may for instance be achieved by the
bacterial conversion of dietary constituents into carcinogens or the toxic effects of specific
bacterial metabolites [30,31]. On the other hand, increased bacterial interaction by for
instance probiotic bacteria may also have a negative effect on tumor cell development [32].
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Thus, bacterial interference may positively and negatively affect tumor cell progression,
which may be balanced by the composition of the gut flora and dietary intake. The present
observations, however, point towards a net increased risk for colon tumor development upon
increased humoral immune response against bacterial antigen RpL7/L12. Although this risk
seems low, a small increase may 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 calculated ORs of 1.50 and 2.75 for
early stage CRC are within the range of those calculated for the serological response to a
panel of Helicobacter pylori antigens in patients with early stage gastric cancer (ORs
ranging from 1.0 – 8.9) [33].

A drawback of the current approach is the fact that the RpL7/L12 antigen is conserved
within the bacterial community, resulting in a certain extent of cross reactivity of our
serological assay. Furthermore, the strength of the humoral immune response to a specific
antigen is both dependent on the immune status of the host and may vary between different
infective strains. Finally, no data are yet available that correlate bacterial colonization of
tumor tissue with the humoral immune response to bacterial antigens. Accordingly, our
future plans include the identification of new S. bovis-specific antigens and the development
of a panel of preferably less conserved antigens for the detection of S. bovis exposure in
CRC patients, which will be correlated with S. bovis carriage in the intestinal tract. We
anticipate that a broader approach will yield a more specific assay that may be applied on an
individual level. Finally, and most important, cross-sectional and retrospective studies,
including the current study and others, are not able to address the temporal relationship
between an exposure and a disease outcome directly. Thus, prospective studies are essential
to elucidate the etiological roles of S. bovis and other intestinal bacteria in colorectal
carcinogenesis. These, altogether, would provide a more detailed insight in the relation
between intestinal bacteria and the development and progression of CRC.
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FIGURE 1.
Humoral immune response against bacterial antigen RpL7/L12. Median serum anti-RpL7/
L12 IgG levels in healthy individuals older than 50 years of age (>50y), colon polyp
patients, and CRC patients with stage (st) I/II, stage III and stage IV tumors in the Nijmegen
(A) and Detroit (B) populations. The Nijmegen population contains an additional healthy
control group of individuals between 18 and 25 years (18–25y) of age. Relative anti-RpL7/
L12 IgG levels were expressed as optical density units measured at 492 nm (OD 492 nm);
standard deviations are indicated. The Nijmegen (C) and Detroit (D) populations were
divided into “healthy”, “early stage CRC” (polyp and local stage I/II tumors) and “advanced
CRC” (tumors with regional and distant metastases) for statistical analysis. Median levels,
second and third quartile (boxes), ranges (lines) and numbers (n) of included subjects are
indicated; significant differences of p<0.05 are indicated with “*”.
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FIGURE 2.
Humoral immune response against endotoxin. (A) Median serum anti-endotoxin IgG levels
in healthy individuals older than 50 years of age (>50y), colon polyp patients, and CRC
patients with stage (st) I/II, stage III and stage IV tumors in samples that were randomly
selected from the Nijmegen and Detroit populations. Relative anti-endotoxin IgG levels
were expressed as Median Units (MU/ml) according to calibration standards of the EndoCab
assay (open circles). The levels were compared with the anti-RpL7/L12 IgG levels of the
same set of serum samples (filled circles); relative anti-RpL7/L12 IgG levels were expressed
as optical density units measured at 492 nm (OD 492 nm); standard deviations are indicated.
No significant overall correlation between anti-RpL7/L12 and anti-endotoxin levels was
observed (Pearson = 0.10). (B) The study population was divided into “healthy”, “early
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stage CRC” (polyp and local stage I/II tumors) and “advanced CRC” (tumors with regional
and distant metastases) for statistical analysis. Median anti-endotoxin levels and ranges
(open bars), were compared with anti-RpL7/L12 IgG levels and ranges (filled bars); lines
represent upper and lower quartiles. Numbers (n) of included subjects are indicated;
significant differences of p<0.05 are indicated with “*”.
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FIGURE 3.
RpL7/L12 antibody levels in S. bovis and E. coli infected patients. Anti-RpL7/L12 IgG
levels in serum samples from patients with proven systemic E. coli or S. bovis infections
were compared with those in serum of a representative set of CRC patients. Relative anti-
RpL7/L12 IgG levels were expressed as optical density units measured at 492 nm (OD 492
nm); median and numbers (n) of included subjects are indicated and significant differences
of p<0.05 are indicated with “*”.
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FIGURE 4.
Temporal association between bacterial infection and CRC progression. The development of
colorectal tumors is schematically depicted from left (healthy) to right (invasive and
metastasizing carcinomas). Hallmarks are a first mutation, mostly in the APC gene, resulting
in immortal adenomas and a following mutation that transforms adenomas into carcinomas,
often in the P53 gene. We hypothesize that adenomas and early carcinomas provide a
preferred niche for S. bovis, which leads to an increased exposure to RpL7/L12 as monitored
by increased serum antibodies against this bacterial antigen. By this, S. bovis and possibly
related intestinal bacteria may specifically interfere with early colon carcinogenesis, whereas
tumor progression may drive these bacteria out of advanced cancerous tissue (see text for
details).
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