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Abstract

Background: Elevated systemic exposure to gut-derived bacterial products has been associated
with hepatic inflammation and chronic liver diseases, potentially increasing the risk of liver
cancer. However, only one prior study prospectively examined exposure to bacterial products in
the circulation and risk of liver cancer, with a relatively limited coverage of biomarkers.

Methods: We conducted a nested case-control study (224 liver cancer cases and 224 matched
controls) in a large cohort of Finnish male smokers followed from baseline (1985-1988) to 2014.
The associations between a panel of biomarkers for bacterial translocation and the risk of liver
cancer were assessed using multivariable-adjusted conditional logistic regression. The biomarkers
included immunoglobulin (Ig) A, 1gG, and IgM against lipopolysaccharide (LPS) and flagellin,
soluble CD14 (an LPS co-receptor), and the LPS-binding protein.

Results: Anti-flagellin IgA (OR=2.79 (95% CI1=1.34-5.78, pteng=0.01) and anti-LPS IgA 2.44
(95% Cl1=1.33-4.48, pireng<0.01), were significantly associated with risk of liver cancer. When
restricting the analysis to histologically-classified hepatocellular carcinoma, the ORs were 4.18
(95% C1=1.60-10.92, ptreng<0.01) and 2.48 (95% Cl=1.16-5.29, pireng<0.01), respectively. The

Corresponding author: Dr. Katherine A. McGlynn, Metabolic Epidemiology Branch, Division of Cancer Epidemiology and Genetics,
National Cancer Institute, 9609 Medical Center Drive, Room 6E-446 Bethesda, MD 20892-9774, United States. Phone:
240-276-7297. Fax: 240-276-7838. mcglynnk@mail.nih.gov.

Conflicts of interest: The authors have no conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 2

results were not substantially changed after excluding cases diagnosed within the first five years of
follow-up and those with hepatitis C virus infection.

Conclusions: Antibodies to flagellin and LPS were associated with increased risk of liver

cancer.

Impact: Gut-derived bacterial translocation into the circulation may play a role in the
development of primary liver cancer. Our findings could contribute to the understanding of
primary liver cancer etiology and further prevention efforts.
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INTRODUCTION

Liver cancer is the second leading cause of cancer mortality worldwide (1). The
predominant histological type of liver cancer is hepatocellular carcinoma (HCC), accounting
for over 85% of all liver cancers (1). The development of HCC is closely related to chronic
inflammation (2). Major risk factors for HCC, including chronic hepatitis B and C virus
(HBV and HCV) infections, consumption of aflatoxin contaminated foods, excessive alcohol
intake, cigarette smoking, obesity, and diabetes, all cause chronic hepatic inflammation
which can progress to liver disease and eventually to liver cancer (3).

It has been suggested that the gut microbiome and the translocation of gut-derived bacterial
products into the circulation may contribute to a pro-inflammatory state in the liver that
promotes liver disease (4). Although it is currently believed that the liver does not contain a
microbiome of its own, it receives approximately 70% of its blood supply from the portal
vein, which carries blood from the colon (5). Factors such as a high-fat diet, smoking,
alcohol abuse, and intestinal disease can upset the balance between beneficial and
potentially pathogenic bacterial species, creating a state of intestinal dysbiosis characterized
by altered microbiota composition and decreased bacterial diversity. For example, increased
abundance of Enterobacteriaceae, Veillonellaceae and Streptococcaceae, and decreased
abundance of Lachnospiracea have been reported in association with cirrhosis (6, 7). When
dysbiosis is coupled with subsequent gut barrier damage, the liver may be exposed to an
elevated level of gut-derived bacterial products viathe portal circulation (8). Murine studies
have reported that exposure to the bacterial products lipopolysaccharide (LPS) and flagellin
can cause inflammation and oxidative stress in the liver and may promote HCC (9-11).
Similarly, evidence from human studies suggests that systemic exposure to these bacterial
products may be positively associated with systemic inflammation (12, 13) and chronic liver
disease (14-17). Thus far, the only study in humans to examine the association between
antibodies (IgA and I1gG, jointly) to LPS and flagellin and the risk of liver cancer reported a
positive association (13). Whether individual immunoglobins (IgA vs 19G vs IgM) were
associated with risk, however, has not been studied. In addition, an examination of the
relationships of lipopolysaccharide binding protein (LBP) and soluble CD14 (sCD14) to
liver cancer risk hasn’t been previously reported. LBP, an acute-phase protein produced by
hepatocytes in response to endotoxemia, binds LPS to form an LPS-LBP complex (18). The
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LPS-LBP complex is then bound to sCD14, which triggers an inflammatory response that
has been previously associated with liver injury, thus may be an indicator of increased risk of
liver cancer (19-21).

In order to examination the association of these markers of bacterial translocation with liver
cancer, we conducted a nested case-control study of 224 primary liver cancer cases
(including 157 with confirmed HCC histology) and pair-matched controls within the Alpha-
Tocopherol, Beta-Carotene Cancer Prevention (ATBC) cohort. The biomarkers examined
included antibodies (IgA, 1gG, IgM) against LPS and flagellin, and factors specifically
produced in response to LPS, sCD14, and LBP (22).

Study design

The ATBC study was a randomized controlled trial to test the effects of a-tocopherol and -
carotene on lung cancer incidence among male smokers in Finland (23). At trial baseline
(1985-1988), 29,133 men aged 50-69 years, who smoked at least five cigarettes per day,
were randomized to intervention or placebo. Potential study participants who reported
during an interview that they had prevalent cancer (other than non-melanoma skin cancer),
cirrhosis, chronic alcoholism, or other conditions that would limit their participation in the
trial were excluded from participation (23). At enrollment, participants provided blood
samples and completed a questionnaire that collected information on demographics,
medical, dietary, and lifestyle factors. The trial ended in 1993, but participants continued to
be followed for cancer incidence. This study was approved by the Institutional Review
Boards of both the National Institutes of Health of the United States and the National Public
Health Institute of Finland.

For this analysis, all cases of primary liver cancer (defined based on the International
Classification of Diseases [ICD], version 9; topography codes 155.0 and 155.1, i.e.,
malignant neoplasms of the liver and intrahepatic bile ducts) diagnosed starting from the
trial baseline through December 31, 2014 were identified through linkage to the Finnish
Cancer Registry. Three cases were excluded because they did not have a stored serum
sample. Among all cases of primary liver cancer, we additionally identified those with HCC
histology using International Classification of Diseases for Oncology [ICD-O] morphology
codes 8170-8175. Control men were selected from individuals with an available serum
sample, who were alive and free of liver cancer at the time of the case’s diagnosis. Controls
were matched, pairwise, to cases on age at randomization assignment and date of blood
collection. The final analytic cohort included 224 primary liver cancer cases (including 157
HCC cases) and 224 matched controls. The median length of time from study enrollment to
liver cancer diagnosis was 15.6 years, with a range of 8.6 - 21.2 years.

Laboratory analysis

Serum samples were collected at baseline, aliquoted, and stored at —=70°C. LBP and sCD14
were measured at the Frederick National Laboratory for Cancer Research. sCD14, assessed
as pg/mL, was quantified using R&D Systems Quantikine kit (Cat# DC140). LBP, assessed
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as pg/mL, was quantified using R&D Systems DuoSet enzyme-linked immunosorbent assay
(ELISA) kit (Cat# DY870-05 and DY008). For both biomarkers, the serum samples were
diluted 1:1000 in R&D Systems recommended diluent. Two recombinant controls from
R&D Systems were included on each plate as quality control samples. All samples were
tested in duplicate, and the average concentration value was used for additional analysis.
Based on data from duplicate samples, the within-batch coefficient of variation (CV) for the
markers was 7.7%, and the between-batch CV was 11.4%.

IgA, 1gG and IgM against LPS and flagellin were measured at Georgia State University via a
custom-made ELISA as previously described (24). Briefly, ELISA plates (Costar™ 3590)
were coated overnight with laboratory-made flagellin or purified Escherichia coli LPS, and
serum samples diluted 1:200 were applied to coated wells. After incubation and washing, the
wells were incubated either with horseradish peroxidase-conjugated anti-lgM, anti-1gA, or
anti-1gG. Quantitation of total immunoglobulins was performed using the colorimetric
peroxidase substrate tetramethylbenzidine, and optical density was read at 450 nm and 540
nm. Data are reported as optical density corrected by subtracting background. The
laboratory has extensive experience performing assays of these biomarkers and has
consistently shown a very low CV in replicates; therefore, the samples were analyzed in
singleton to minimize costs and time. For quality control, three duplicate samples were
measured in each batch. The within-batch CV was <7.78 and the between-batch CV was
11.88. For all the bacterial translocation markers, samples were sent to the labs in matched
pairs with case/control status blinded. The case/control pairs were run on the same plate.

In addition to the above biomarkers which were examined as the main exposures, we also
measured HCV infection status (antibody to HCV), at the German Cancer Research Center
as previously described (25). Briefly, antibodies to the core and NS3 proteins were analyzed
using recombinant glutathione S-transferase (GST) fusion proteins in combination with
fluorescent bead technology (multiplex serology). Reproducibility of this assay has been
shown to be very high (kappa 0.98, 95% CI 0.94-1.00) (25). Samples that were positive for
both antibody to HCV core and antibody to the NS3 proteins were considered to be anti-
HCV(+), indicative of either a former or current infection. HBV infection status, as indicated
by hepatitis B surface antigen positivity, was previously measured for 112 liver cancer cases
and 269 individuals without liver cancer in the ATBC cohort (26); however, as <2% of liver
cancer cases and <1% of liver cancer-free individuals were positive for HBV, HBV status
was not determined for cases and controls in the current analysis.

Statistical analysis

We used conditional logistic regression to estimate odds ratios (ORs) and 95% confidence
intervals (Cls) for the association between each biomarker and liver cancer risk. Biomarker
levels were batch-adjusted using a normalization factor derived from quality control samples
repeatedly measured across all plates (i.e., the difference between the mean value of quality
control samples on all plates combined minus the mean value of quality control samples on
an individual plate was added to individual values) and categorized into quartiles based on
the distribution among controls.
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In addition to matching on age and time of blood draw, we also controlled for the following
confounders based on a priori knowledge: body mass index (BMI), education, smoking
intensity (pack-years), alcohol intake, and history of diabetes or hypertension at baseline.
Missing values for alcohol intake (15 cases and 9 controls) were imputed using the PROC
MI procedure, using case status and adjustment factors (age, BMI, education, vocational
trainings, smoking, diabetes, hypertension, and marital status; SAS Institute Inc., Cary, NC).
We also evaluated original randomization arm, HCV status, and coffee intake as potential
covariates, but these did not substantially alter the estimates and were not included in the
final models. Furthermore, we evaluated effect modification by the following factors: age,
BMI, smoking intensity, and alcohol intake, using likelihood ratio tests comparing models
with and without the interaction term. Several sensitivity analyses were conducted, including
1) restricting the analytical cohort to histologically confirmed HCC cases and their matched
controls; 2) excluding cases diagnosed within the first five years of follow-up; and 3)
excluding cases with HCV infection.

As a secondary cross-sectional analysis, we calculated the mean and standard deviation (SD)
of the level of each biomarker stratified by selected baseline characteristics of participants,
including age, BMI, education, smoking intensity, alcohol intake, and coffee consumption.
Because levels of the biomarkers were roughly normally distributed by visual inspection of
the data, we did not perform natural logarithm transformation when calculating the means.
All analyses were performed in SAS 9.3 (SAS Institute Inc., Cary, NC).

RESULTS

Selected characteristics of cases and controls are presented in Table 1. Compared to controls,
cases were more likely to have more than an elementary school education, to be obese, to
smoke and drink more heavily, to consume less coffee, and to have a history of diabetes,
hypertension, and chronic HCV infection.

Table 2 shows a correlation matrix of the biomarkers included in the analysis. Across the
immunoglobins of anti-LPs and anti-flagellins, there were moderate positive correlations
between the IgA’s (0.68) and the IgM’s (0.47). Within the immunoglobulins of both anti-
LPS and anti-flagellin, there were moderate positive correlations between IgA and IgG (anti-
LPS=0.43, anti-flagellin=0.46).

Supplementary Table 1 shows the mean value of each biomarker measured according to
selected characteristics among the controls, including age at randomization, BMI, education,
intensity of cigarette smoking (pack-years), drinks of alcohol per day, and coffee
consumption (g/day). Overall, the most significant p-values for trend were between sCD14
and alcohol consumption (p=0.02), anti-flagellin IgM and BMI (p=0.03) and LBP and
smoking (p=0.04).

Table 3 shows the associations between each biomarker (categorized in quartiles) and the
risk of primary liver cancer. In multivariable-adjusted models, the highest quartile of anti-
flagellin 1gA, compared to the lowest quartile, was associated with a nearly 3-fold increased
risk of liver cancer (OR = 2.79, 95% CI = 1.34 to 5.78), and there was a statistically
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significant linear trend (pgeng = 0.01). Similarly, there was association between anti-LPS
IgA and liver cancer, with an OR comparing the highest to the lowest quartiles of 2.44 (95%
Cl =1.33 to 4.48) and a statistically significant linear trend (ptreng < 0.01). The other
individual biomarkers examined, including anti-LPS and anti-flagellin 1gG and IgM, LBP,
and sCD14, were not associated with the risk of liver cancer.

In sensitivity analyses, the strength of association for anti-flagellin immunoglobulins was
stronger when restricting the analyses to HCC cases and controls (Supplementary Table 2).
Comparing the highest to the lowest quartiles, the OR was 4.18 (95% CI = 1.60 to 10.92) for
anti-flagellin IgA. Results for anti-LPS Immunoglobulins were not materially changed.
Other sensitivity analyses, such as excluding 27 cases diagnosed within the first five years of
follow-up or 10 cases with HCV infection, did not substantially change the main results. We
also observed no evidence of interaction between each of the biomarkers and variables
including age, BMI, smoking pack-years and drinks of alcohol per day (Pinteraction > 0-05).

DISCUSSION

In this large prospective cohort of Finnish male smokers, we observed significant
associations between bacterial translocation biomarkers and risk of primary liver cancer.
This study is among the first to address this novel research question, and the largest to date
in terms of both sample size and biomarker coverage. Our results provide important insights
into the role of bacterial products in the development of liver cancer.

In this study, we observed statistically significant associations between IgA against flagellin
and LPS and risk of primary liver cancer. For IgG against flagellin and LPS, although results
were not statistically significant, the OR for the highest quartiles were both around 1.5,
suggesting possible elevated risk of liver cancer. As the IgA’s and IgG’s within anti-LPS and
anti-flagellin were moderately correlated, however, the independence of the IgA and 1gG
results is not certain. Similarly, the moderate correlation between anti-LPS IgA and anti-
flagellin IgA suggests that the IgA relationships to liver cancer may not be independent of
one another. Previously, Fedirko et al. measured anti-flagellin and anti-LPS IgA and IgG in a
prospective case-control study (139 matched pairs of cases controls) nested within the EPIC
study, a large European cohort, and observed associations between each of the biomarker
and risk of HCC (OR ranging from 4.13 to 8.67 in multivariable adjusted models, comparing
extreme quartiles). Our results are generally consistent with the previous study, although the
strength of association was more modest overall.

A notable difference between our study and the EPIC study is that our study population only
consisted of male smokers, whereas the EPIC study included both sexes, regardless of
smoking status. Indeed, it is biologically plausible to observe weaker associations between
exposure to bacterial products and liver cancer among smokers, because smoking, besides
being a risk factor itself for liver cancer (27), is associated with a broad range of alterations
in systemic immune and inflammatory responses (28), and thus may obscure any additional
immune/inflammatory responses caused by exposure to bacterial products. However, in the
EPIC cohort, there was no suggestion of effect modification by smoking (13). Also, our
study found no evidence of effect modification by pack-years of smoking. Nevertheless,
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statistical power was limited for the assessment of effect modification by smoking in both
studies, and future studies with sufficient sample sizes in each smoking category need to
further evaluate whether the association differs by smoking status. Sex difference has also
been reported in the immune defense against bacterial products (29) and immune responses
in general (30). The EPIC cohort observed stronger association of antibodies against LPS
and flagellin with risk of HCC in men than women; however, the heterogeneity was not
statistically significant, perhaps due to the small number of female cases (13).

Biological mechanisms for the association between systemic exposure to bacterial products
and liver cancer risk are not fully understood. However, elevated systemic exposure to
bacterial products could be due to intestinal bacterial dysbiosis and gut barrier damage
allowing an increased burden of bacterial products to translocate into the circulation.
Increased bacterial translocation is common in persons with alcoholic liver disease (14),
non-alcoholic fatty liver disease (NAFLD)(15, 16), and chronic viral hepatitis (17),
indicating that bacterial products may serve as early indicators of liver damage. In murine
models, the activation of Toll-like receptor 4 (TLR-4) by LPS, after complexing with LBP
and sCD14, contributes to the promotion of HCC in chronically injured livers by increasing
proliferative and anti-apoptotic signals (9, 10). In addition, high-dose flagellin
administration in mice causes inflammation and oxidative stress in the liver, and induces
injury through over-activation of TLR-5 (11). In addition, high concentrations of
immunoglobulin A are present in the mucous membranes of the gastrointestinal tract and
have been shown to be key in gut bacterial regulation in mice (31). These exacerbated
proliferative, inflammatory, and oxidative responses may eventually result in the
development of liver cancer.

One important question in the interpretation of our results and the previous findings in EPIC
is whether elevated immune response against bacterial products merely reflected the
presence of underlying liver diseases, as chronic liver diseases are associated with both
systemic exposure to bacterial products and higher risk of liver cancer. In our study and the
EPIC study, adjustment of chronic viral hepatitis infection did not materially change the
results. Neither study had information on alcoholic or non-alcoholic fatty liver disease.
Nevertheless, the EPIC study reported that adjusting for the Fischer ratio (a marker of liver
dysfunction) did not alter the results. In our study, individuals with a history of cirrhosis or
chronic alcoholism were excluded from the original trial. In addition, we adjusted for BMI,
diabetes, and hypertension, all of which are linked to metabolic syndrome, thus the results
may have been partially controlled for NAFLD. Therefore, we believe our observed
associations are not solely due to confounding by underlying chronic liver diseases.

Due to the potential role of bacterial translocation as biomarkers of cancer risk in
epidemiological studies, it is important to better understand variables (e.g., demographic,
diet and lifestyle) associated with these biomarkers. Several cross-sectional analyses
consistently reported higher levels of IgA and IgG against bacterial products or LBP among
individuals with greater adiposity (12, 13, 32, 33). In addition, murine studies suggested that
increased exposure to LPS may trigger weight gain (34), and induced-obesity could elevate
IgG levels against bacterial extracts (32), indicating that bacterial products and obesity may
mutually influence each other. In contrast, immunoglobulins against LPS and flagellin were
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not correlated with BMI in our study. One possible explanation could be that among
smokers, BMI is not a good proxy for adiposity; specifically, lower BMI among smokers
may often indicate lower lean body mass but higher visceral adiposity and metabolic
abnormalities (35). Therefore, the lack of association between BMI and systemic exposure
to bacterial products in our study does not necessarily contradict previous findings, and in
fact highlights the necessity of stratification by smoking status in future studies.

Our study is among the first to prospectively examine the associations between bacterial
translocation and risk of liver cancer, with the largest sample size and most comprehensive
coverage of biomarkers to date. Other strengths of our study include the long follow-up
period (up to 29 years), availability of baseline fasting serum samples, detailed information
on potential confounders including HCV infection, and use of ICD-O morphology codes to
identify HCC cases. There are also several limitations. For example, there was only a single
determination of biomarkers at baseline, and the temporal reliability of these biomarkers are
not well established. A previous study demonstrated that the LBP had moderate test-retest
reliability up to a nine-month period; however, it may be more desirable to include multiple
measurements rather than a single measurement in future studies (36). In addition, there was
no clinical determination of underlying fibrosis or cirrhosis at baseline. Our study population
was confined to males and smokers, thus extrapolation to other populations should be done
with caution.

In conclusion, our study indicates that biomarkers of bacterial translocation, specifically IgA
against flagellin and LPS, may be associated with risk of primary liver cancer. Currently,
there are limited data on biomarkers of liver cancer risk. Thus, our findings, if replicated in
future studies, could better clarify the role of gut-liver axis, specifically gut-derived bacterial
products, in liver cancer etiology, and may provide important insights to improve the
prevention and risk prediction of liver cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NAFLD non-alcoholic fatty liver disease
OR odds ratio

sCD14 soluble CD14

SD standard deviation

References

1. Petrick JL, Braunlin M, Laversanne M, Valery PC, Bray F, McGlynn KA. International trends in
liver cancer incidence, overall and by histologic subtype, 1978-2007. International journal of cancer
2016; 139:1534-45. [PubMed: 27244487]

2. Berasain C, Castillo J, Perugorria MJ, Latasa MU, Prieto J, Avila MA. Inflammation and Liver
Cancer. Ann N 'Y Acad Sci 2009; 1155:206-21. [PubMed: 19250206]

3. McGlynn KA, Petrick JL, London WT. Global epidemiology of hepatocellular carcinoma: an
emphasis on demographic and regional variability. Clin Liver Dis 2015; 19:223-38. [PubMed:
25921660]

4. Almeida J, Galhenage S, Yu J, Kurtovic J, Riordan SM. Gut flora and bacterial translocation in
chronic liver disease. World J Gastroenterol 2006; 12:1493-502. [PubMed: 16570339]

5. Son G, Kremer M, Hines IN. Contribution of Gut Bacteria to Liver Pathobiology. Gastroenterol Res
Pract 2010; 2010:13.

6. Chen Y, Yang F, Lu H, et al. Characterization of fecal microbial communities in patients with liver
cirrhosis. Hepatology 2011; 54:562-72. [PubMed: 21574172]

7.Qin N, Yang F, Li A, et al. Alterations of the human gut microbiome in liver cirrhosis. Nature 2014;
513:59-64. [PubMed: 25079328]

8. Seki E, Schnabl B. Role of innate immunity and the microbiota in liver fibrosis: crosstalk between
the liver and gut. J Physiol 2012; 590:447-58. [PubMed: 22124143]

9. Yu L-X, Yan H-X, Liu Q, et al. Endotoxin accumulation prevents carcinogen-induced apoptosis and
promotes liver tumorigenesis in rodents. Hepatology 2010; 52:1322-33. [PubMed: 20803560]

10. Dapito Dianne H, Mencin A, Gwak G-Y, et al. Promotion of Hepatocellular Carcinoma by the

Intestinal Microbiota and TLR4. Cancer Cell 2012; 21:504-16. [PubMed: 22516259]

11. Xiao Y, Liu F, Yang J, et al. Over-activation of TLR5 signaling by high-dose flagellin induces liver
injury in mice. Cell Mol Immunol 2015; 12:729-42. [PubMed: 25418468]

12. Yang B, Bostick RM, Tran HQ, Gewirtz AT, Campbell PT, Fedirko V. Circulating biomarkers of
gut barrier function: Correlates and nonresponse to calcium supplementation among colon
adenoma patients. Cancer Epidemiol Biomarkers Prev 2016; 25:318-26. [PubMed: 26677212]

13. Fedirko V, Tran HQ, Gewirtz AT, et al. Exposure to bacterial products lipopolysaccharide and
flagellin and hepatocellular carcinoma: a nested case-control study. BMC Medicine 2017; 15:72.
[PubMed: 28372583]

14. Rao R Endotoxemia and gut barrier dysfunction in alcoholic liver disease. Hepatology 2009;
50:638-44. [PubMed: 19575462]

15. Harte AL, da Silva NF, Creely SJ, et al. Elevated endotoxin levels in non-alcoholic fatty liver
disease. J Inflamm 2010; 7:15.

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2020 May 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

Page 10

Thuy S, Ladurner R, Volynets V, et al. Nonalcoholic Fatty Liver Disease in Humans Is Associated
with Increased Plasma Endotoxin and Plasminogen Activator Inhibitor 1 Concentrations and with
Fructose Intake. J Nutr 2008; 138:1452-5. [PubMed: 18641190]

Sozinov AS. Systemic endotoxemia during chronic viral hepatitis. Bull Exp Biol Med 2002;
133:153-5. [PubMed: 12428283]

Tobias PS, Soldau K, Gegner JA, Mintz D, Ulevitch RJ. Lipopolysaccharide binding protein-
mediated complexation of lipopolysaccharide with soluble CD14. J Biol Chem 1995; 270:10482—
8. [PubMed: 7537731]

Finlay BB, Hancock RE. Can innate immunity be enhanced to treat microbial infections? Nat Rev
Microbiol 2004; 2:497-504. [PubMed: 15152205]

Paik YH, Schwabe RF, Bataller R, Russo MP, Jobin C, Brenner DA. Toll-like receptor 4 mediates
inflammatory signaling by bacterial lipopolysaccharide in human hepatic stellate cells. Hepatology
2003; 37:1043-55. [PubMed: 12717385]

Yu LX, Schwabe RF. The gut microbiome and liver cancer: mechanisms and clinical translation.
Nat Rev Gastroenterol Hepatol 2017; 14:527-39. [PubMed: 28676707]

Brenchley JM, Douek DC. Microbial Translocation Across the GI Tract. Annu Rev Immunol 2012;
30:149-73. [PubMed: 22224779]

The ATBC cancer prevention study group. The alpha-tocopherol, beta-carotene lung cancer
prevention study: Design, methods, participant characteristics, and compliance. Ann Epidemiol
1994; 4:1-10. [PubMed: 8205268]

Ziegler TR, Luo M, Estivariz CF, et al. Detectable serum flagellin and lipopolysaccharide and
upregulated anti-flagellin and lipopolysaccharide immunoglobulins in human short bowel
syndrome. Am J Physiol Regul Integr Comp Physiol 2008; 294:R402-10. [PubMed: 18003793]
Dondog B, Schnitzler P, Michael KM, et al. Hepatitis C Virus Seroprevalence in Mongolian
Women Assessed by a Novel Multiplex Antibody Detection Assay. Cancer Epidemiol Biomarkers
Prev 2015; 24:1360-5. [PubMed: 26169147]

Yang B, Petrick JL, Abnet CC, et al. Tooth loss and liver cancer incidence in a Finnish cohort.
Cancer Causes Control 2017:1-6.

Lee YC, Cohet C, Yang YC, Stayner L, Hashibe M, Straif K. Meta-analysis of epidemiologic
studies on cigarette smoking and liver cancer. Int J Epidemiol 2009; 38:1497-511. [PubMed:
19720726]

Shiels MS, Katki HA, Freedman ND, et al. Cigarette smoking and variations in systemic immune
and inflammation markers. J Natl Cancer Inst 2014; 106:dju294-dju.

Marriott I, Bost KL, Huet-Hudson YM. Sexual dimorphism in expression of receptors for bacterial
lipopolysaccharides in murine macrophages: a possible mechanism for gender-based differences in
endotoxic shock susceptibility. J Reprod Immunol 2006; 71:12-27. [PubMed: 16574244]

Bouman A, Schipper M, Heineman MJ, Faas MM. Gender difference in the non-specific and
specific immune response in humans. Am J Reprod Immunol 2004; 52:19-26. [PubMed:
15214938]

Yel L Selective IgA deficiency. J Clin Immunol 2010; 30:10-6. [PubMed: 20101521]

Mohammed N, Tang L, Jahangiri A, de Villiers W, Eckhardt E. Elevated 1gG levels against specific
bacterial antigens in obese patients with diabetes and in mice with diet-induced obesity and
glucose intolerance. Metabolism 2012; 61:1211-4. [PubMed: 22424821]

Gonzalez-Quintela A, Alonso M, Campos J, Vizcaino L, Loidi L, Gude F. Determinants of serum
concentrations of lipopolysaccharide-binding protein (LBP) in the adult population: the role of
obesity. PLoS One 2013; 8:¢54600. [PubMed: 23349936]

Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates obesity and insulin
resistance. Diabetes 2007; 56:1761-72. [PubMed: 17456850]

Song M, Giovannucci E. Estimating the Influence of Obesity on Cancer Risk: Stratification by
Smoking Is Critical. J Clin Oncol 2016.

Citronberg JS, Wilkens LR, Lim U, et al. Reliability of plasma lipopolysaccharide-binding protein
(LBP) from repeated measures in healthy adults. Cancer Causes Control 2016; 27:1163-6.
[PubMed: 27392432]

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2020 May 04.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Yang et al. Page 11

Table 1.

Participant characteristics in a nested case-control study of the Alpha-Tocopherol, Beta-Carotene Cancer
Prevention (ATBC) cohort

Cases(n=224) Controls(n=224)

N (%) N (%)

Age at randomization in years, mean (sd) 57.4 (4.7) 56.8 (4.2)
Body massindex (kg/m?)

<25.0 63 (28.1) 90 (40.2)

25.0 - <30.0 111 (49.6) 104 (46.4)

230.0 50 (22.3) 30(13.4)
Educationl

1 47 (21.0) 71 (31.7)

2 114 (50.9) 105 (46.9)

3 63 (28.1) 48 (21.4)
Cigarette smoking (pack-years)

>0 -24 53 (23.7) 71 (3L.7)

25-34 43(19.2) 54 (24.1)

3544 50 (22.3) 52 (23.2)

245 78 (34.8) 47 (21.0)
Drinks of alcohol (per day)

0 14 (6.7) 15 (7.0)

>0-<1.0 70 (33.5) 108 (50.2)

1.0-<2.0 59 (28.2) 54 (25.1)

>2.0 66 (31.6) 38 (17.7)
Coffee consumption (g/day)

0 - <200 29 (13.9) 13 (6.0)

200 - <500 80 (38.3) 78 (36.3)

500 - <1000 83(39.7) 90 (41.9)

>1000 17 (8.1) 34 (15.8)
Diabetes

Yes 22 (9.8) 5(2.2)

No 202 (90.2) 219 (97.8)
Hypertension

Yes 56 (25.0) 44 (19.6)

No 168 (75.0) 180 (80.4)
Hepatitis C virusinfection

Yes 10 (4.5) 1(0.4)

No 214 (95.5) 223 (99.6)
Randomization arm

Placebo 55 (24.6) 60 (26.8)

a-Tocopherol 63 (28.1) 63 (28.1)

B-Carotene 54 (24.1) 60 (26.8)
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Cases(n=224) Controls(n=224)
N (%) N (%)

a-Tocopherol/B-Carotene 52 (23.2) 41 (18.3)

Levels of education: 1) elementary school or less, no vocation training; 2) elementary school or less, vocational training; 3) more than elementary
school
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Table 2:
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Correlation matrix of anti-LPS, anti-flagellin, sSCD14 and LBP in a nested case-control study of the Alpha-
Tocopherol, Beta-Carotene (ATBC) cohort

anti-LPS IgM
anti-LPS IgA
anti-LPS 1gG
anti-flagellin IgM
anti-flagellin 1IgA
anti-flagellin 19G
sCD14

LBP

anti-LPS anti-flagellin sCD14 LBP
IgM 1gA 19G IgM 10A 19G
1 -0.05708 0.05269 0.47430 -0.27636 -0.01915 0.10308 -0.06484
1 0.43014 0.03502 0.68036 0.34551 0.22324 0.18002
1 0.03697 0.13953 0.29785 0.17597 0.08992
1 0.01780 0.34945 0.10371 0.07101
1 0.46403 -0.00368 0.09803
1 0.06070 0.09072
1 0.31816

1
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Table 3.

Associations between biomarkers of bacterial translocation and risk of primary liver cancer in a nested case-
control study of the Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) cohort

Cases  Controls  \\iimally-adjusted”  Multivariable-adjusted?

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

N N OR (95% CI) OR (95% Cl)
anti-flagellin 1gA
Quartile 1 40 56 1.00 (ref) 1.00 (ref)
Quartile 2 43 55 1.14 (0.63, 2.06) 1.32 (0.68, 2.58)
Quartile 3 64 55 1.81 (1.02, 3.20) 1.75 (0.95, 3.21)
Quartile 4 76 56 2.93 (1.48,5.79) 2.79 (1.34,5.78)
Prrend <0.01 0.01
anti-flagellin 1gG
Quartile 1 58 55 1.00 (ref) 1.00 (ref)
Quartile 2 50 56 0.85 (0.50, 1.46) 0.82 (0.44, 1.51)
Quartile 3 50 55 0.85 (0.49, 1.49) 0.76 (0.40, 1.44)
Quartile 4 65 56 1.23 (0.66, 2.29) 1.43 (0.71, 2.91)
Durend 0.68 033
anti-flagellin IgM
Quartile 1 61 56 1.00 (ref) 1.00 (ref)
Quartile 2 66 55 1.03 (0.62, 1.72) 0.96 (0.55, 1.69)
Quartile 3 45 56 0.72 (0.41, 1.27) 0.65 (0.34, 1.24)
Quartile 4 52 55 0.86 (0.50, 1.45) 0.94 (0.52, 1.69)
Drrend 0.96 074
anti-LPSIgA
Quartile 1 41 55 1.00 (ref) 1.00 (ref)
Quartile 2 37 56 0.84 (0.48, 1.49) 0.79 (0.42, 1.49)
Quartile 3 40 55 1.10 (0.63, 1.92) 0.88 (0.47, 1.64)
Quartile 4 106 56 2.79 (1.61, 4.85) 2.44 (1.33, 4.48)
Pirena <0.01 <0.01
anti-LPSI1gG
Quartile 1 54 55 1.00 (ref) 1.00 (ref)
Quartile 2 38 56 0.68 (0.39, 1.20) 0.71(0.38, 1.32)
Quartile 3 48 56 0.97 (0.56, 1.68) 0.83 (0.45, 1.54)
Quartile 4 83 55 1.60 (0.94, 2.74) 1.62 (0.88, 2.97)
Pirend 0.06 015
anti-LPSIgM
Quartile 1 52 56 1.00 (ref) 1.00 (ref)
Quartile 2 66 55 1.34 (0.75, 2.38) 1.06 (0.57, 1.99)
Quartile 3 a7 56 0.88 (0.48, 1.62) 0.86 (0.44, 1.68)
Quartile 4 59 55 1.18 (0.63, 2.21) 1.15 (0.57, 2.31)
Prrend 0.56 042
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Cases Controls  yinimally-adjusted”  Multivariable-adjusted®
OR (95% CI) OR (95% Cl)
LBP
Quartile 1 52 56 1.00 (ref) 1.00 (ref)
Quartile 2 52 56 0.99 (0.58, 1.67) 1.14 (0.61, 2.10)
Quartile 3 52 56 1.06 (0.60, 1.85) 0.95 (0.50, 1.81)
Quartile 4 68 55 1.44 (0.81, 2.55) 1.16 (0.60, 2.24)
Drrend 021 0.74
sCD14
Quartile 1 55 56 1.00 (ref) 1.00 (ref)
Quartile 2 51 56 0.94 (0.57, 1.56) 0.84 (0.47, 1.52)
Quartile 3 49 55 0.94 (0.55, 1.60) 0.76 (0.41, 1.41)
Quartile 4 69 56 1.31(0.75, 2.29) 1.15 (0.60, 2.20)
Prrend 0.60 0.81

1 . . o . .
Accounting for matching factors only (age at randomization assignment and date of blood collection

Page 15

Accounting for matching factors (age at randomization assignment and date of blood collection), and additionally adjusted for body mass index,

education, smoking intensity, alcohol intake, and history of diabetes or hypertension at baseline

P values for linear trend were calculated using the Wald test, by including the continuous form of each biomarker in the model

Abbreviations: Cl, confidence interval; Ig, immunoglobulin; LBP, lipopolysaccharide-binding protein; LPS, lipopolysaccharide; OR, odds ratio;
sCD14, soluble CD14.
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