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ABSTRACT

Bacille-Calmette-Guérin (BCG), prepared from attenuated live Mycobacterium bovis, 
modulates atherosclerosis development as currently explained by immunomodulatory 
mechanisms. However, whether  BCG is pro- or anti-atherogenic remains inconclusive 
as the effect of  BCG on cholesterol metabolism, the main driver of atherosclerosis 
development, has remained underexposed in previous studies. Therefore, we aimed to 
elucidate the effect of  BCG on cholesterol metabolism in addition to inflammation and 
atherosclerosis development in APOE*3-Leiden.CETP mice, a well-established model of 
human-like lipoprotein metabolism. To this end, hyperlipidemic APOE*3-Leiden.CETP mice 
were fed a Western-type diet containing 0.1% cholesterol and were terminated 6 weeks 
after a single intravenous injection with  BCG (0.75 mg; 5x106 CFU).  BCG-treated mice 
exhibited hepatic mycobacterial infection and hepatomegaly. The enlarged liver (+53%, 
p=0.001) coincided with severe immune cell infiltration and a higher cholesterol content 
(+31%, p=0.03). Moreover,  BCG reduced plasma total cholesterol levels (-34%, p=0.003), 
which was confined to reduced nonHDL-cholesterol levels (-36%, p=0.002). This was due 
to accelerated plasma clearance of cholesterol from intravenously injected [14C]cholesteryl 
oleate-labelled VLDL-like particles (t½ -41%, p=0.002) as a result of elevated hepatic uptake 
(+25%, p=0.05) as well as reduced intestinal cholestanol and sterol absorption (up to -37%, 
p=0.003). Ultimately, BCG decreased foam cell formation of peritoneal macrophages (-18%, 
p=0.02) and delayed atherosclerotic lesion progression in the aortic root of the heart. BCG 
tended to decrease atherosclerotic lesion area (-59%, p=0.08) and reduced lesion severity. 
In conclusion, BCG reduces plasma nonHDL-cholesterol levels and delays atherosclerotic 
lesion formation in hyperlipidemic mice.
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INTRODUCTION

Cardiovascular disease is the leading cause of death in Western countries, and 
atherosclerosis is the pathology underlying most cardiovascular events. The main 
risk factor for the development of atherosclerosis is hypercholesterolemia, as excess 
cholesterol initiates foam cell formation in the arterial wall. Subsequently, inflammatory 
processes including recruitment of innate and adaptive immune cells contribute to 
further development of the plaque, which may eventually lead to plaque rupture and/or 
vessel occlusion (1). A variety of bacteria and viruses (2), but also bacterial components 
such as lipopolysaccharide (3), have been suggested to be implicated in atherosclerosis 
development. In this respect, Bacille-Calmette-Guérin (BCG), prepared from attenuated live 
Mycobacterium bovis and the only licensed vaccine against tuberculosis (4), is of special 
interest since BCG is used worldwide for vaccination.

Interestingly, animal studies have shown that  BCG modulates atherosclerosis 
development. However, the data on whether  BCG reduces or enhances atherosclerosis 
development are conflicting.  BCG injection in rabbits in which plasma cholesterol levels 
were maintained constant (i.e. by individual adjustment of the percentage of cholesterol 
in the diet) increased lymphocyte and monocyte activation and hence atherosclerosis 
development (5). In contrast, repeated injections of killed BCG reduced atherosclerosis in 
LDL receptor-knockout (Ldlr-/-) and apolipoprotein E-knockout (Apoe-/-) mice, but did not 
significantly modulate plasma cholesterol levels. The reduced atherosclerosis development 
was accompanied by enhanced circulating IL-10 levels and reduced serum levels of pro-
inflammatory cytokines (6). Although these pro- and anti-atherogenic effects have been 
attributed to immunomodulatory effects of BCG, the effect of BCG on the metabolism of 
cholesterol, the main driver of atherosclerosis development, has remained underexposed.

Therefore, in the current study we aimed to elucidate the effect of BCG on cholesterol 
metabolism and atherosclerosis development in APOE*3-Leiden.CETP (E3L.CETP) 
transgenic mice. These mice have a humanized lipoprotein profile due to expression of 
human cholesterol ester transfer protein (CETP), which transfers cholesteryl esters from 
HDL to LDL and VLDL in exchange for triglycerides, and a mutation of the human APOE*3 
gene, which attenuates clearance of cholesterol-enriched lipoprotein remnants without 
abrogating the apoE-LDLR clearance pathway (7-9). We show that BCG markedly reduces 
plasma cholesterol levels as a result of accelerated hepatic uptake of cholesterol-enriched 
lipoprotein remnants and reduced intestinal cholesterol absorption. Finally,  BCG reduces 
foam cell formation and delays atherosclerotic plaque formation.
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MATERIALS AND METHODS

Mice, diet and BCG treatment
Female E3L.CETP mice were obtained as previously described (7, 8). At the start of the 
experiment mice were 10-12 weeks of age and housed under standard conditions with 
a 12:12 h light-dark cycle and free access to food and water. Mice were fed a Western-
type diet containing 0.1% cholesterol (WTD; Hope Farms, The Netherlands). After a run-
in period of 3 weeks with WTD, mice were randomized according to body weight, plasma 
total cholesterol (TC) and plasma triglycerides (TG), and received an intravenous injection 
with a human dose of Bacille-Calmette-Guérin (BCG) vaccine SSI (0.75 mg; 5x106 CFU in 
100 μL PBS; SSI Denmark) (10). Mice were terminated 6 weeks after the injection. Mouse 
experiments were performed in accordance with the Institute for Laboratory Animal 
Research Guide for the Care and Use of Laboratory Animals and had received approval from 
the University Ethical Review Board (Leiden University Medical Center, The Netherlands).

Mycobacterial culture
Blood, splenocytes and bone marrow were incubated both in BBL Bactec MGIT tubes 
(245113, BD and Company, NJ, USA) and on Lowenstein-Jensen + PACT plates (220501, 
BD and Company, NJ, USA) at 36°C. Bacterial growth in the BBL Bactec MGIT tubes was 
measured weekly using the BD BACTEC™-MicroMGIT Fluorescence Reader according to 
the manufacturer’s instructions. Lowenstein-Jensen plates were checked once a week for 
growth of colonies. When positive, standard Ziehl-Neelsen (ZN) staining [z1] was performed 
to confirm presence of mycobacteria.

Liver histology
Livers were fixed in 4% paraformaldehyde, dehydrated in 70% EtOH, and embedded in 
paraffin. Hematoxylin-eosin (HE) and ZN stainings were performed on sections (5 µm) 
using standard protocols. Immunohistochemical detection of F4/80 was done on paraffin-
embedded sections that were treated with proteinase K, by using a primary rat anti-

Gene Forward primer Reverse primer

Apob GCCCATTGTGGACAAGTTGATC CCAGGACTTGGAGGTCTTGGA

Cd3 AACACGTACTTGTACCTGAAAGCTC GATGATTATGGCTACTGCTGTCA

Cd4 ACACACCTGTGCAAGAAGCA GCTCTTGTTGGTTGGGAATC

Cd8 GGCTCTGGCTGGTCTTCA GACGAAGGGGTCTGAATGAG

F4/80 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG

Gapdh GGGGCTGGCATTGCTCTCAA TTGCTCAGTGTCCTTGCTGGGG

Hmgcoar CCGGCAACAACAAGATCTGTG ATGTACAGGATGGCGATGCA

Ldlr GCATCAGCTTGGACAAGGTGT GGGAACAGCCACCATTGTTG

Tnf AGCCCACGTCGTAGCAAACCAC TCGGGGCAGCCTTGTCCCTT

Table 1: Primer sequences of forward and reverse primers (5’ → 3’).
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mouse F4/80 monoclonal Ab (MCA497; 1/600, Serotec, UK) and a secondary goat anti-rat 
immunoglobulin peroxidase (MP-7444, Vector Laboratories Inc., CA, USA). The peroxidase 
activity was revealed with NovaRed (SK-4800, Vector Laboratories Inc.) and slides were 
counterstained with hematoxylin. The area positive for F4/80 was quantified using ImageJ 
Software.

RNA purification and quantitative RT-PCR
RNA was extracted from snap-frozen mouse livers using Tripure RNA Isolation reagent 
(Roche, The Netherlands) according to manufacturer’s instructions. RNA concentrations 
were measured using NanoDrop and RNA was reverse transcribed using Moloney Murine 
Leukemia Virus Reverse Transcriptase (Promega, The Netherlands) for quantitative RT-PCR 
(qRT-PCR) to produce cDNA. Expression levels of genes were determined by qRT-PCR, 
using gene-specific primers (Table 1) and SYBR green supermix (Biorad, The Netherlands). 
mRNA expression was normalized to Gapdh mRNA content and expressed as fold change 
compared with control mice using the ΔΔCT method.

Flow cytometry
Circulating white blood cells were analysed using flow cytometry. After lysis of red blood 
cells, pelleted cells were resuspended in FACS buffer and stained for 30 minutes at 4°C in 
the dark with the fluorescently labelled antibodies listed in Table 2. Cells were measured 
on an LSR II flow cytometer (BD Biosciences, CA, USA). Data were analysed using FlowJo 
software (Treestar, OR, USA).

Isolation and ex vivo stimulation of cells
Resident peritoneal macrophages were isolated from mice by washing the peritoneal cavity 
with ice-cold sterile PBS. Pelleted cells were resuspended in RPMI 1640 Dutch-modified 
culture medium (Life Technologies/Invitrogen, The Netherlands) supplemented with 10 

Antibody Fluorochrome Dilution Clone, supplier

CD45.2 FITC 1:100 104, BioLegend

CD3 APC 1:100 145-2C11, eBioscience

CD4 Qdot605 1:1000 RM-4-5, BioLegend

CD8a PerCPCy5.5 1:100 53-6.7, BioLegend

CD25 PeCy7 1:300 PC61.5, eBioScience

CD44 eFluor450 1:300 IM7, eBioScience

CD22.2 PE 1:200 Cy34.1, BD Biosciences

Cd11b Pacific Blue 1:150 M1/70, BioLegend

Cd115-Biotin n.a. 1:100 AFS98, eBioScience

Streptavidin PeCy5 1:100 SAV, eBioScience

Gr-1 PeCy7 1:1500 RB6-8C5, Biolegend

Table 2: Antibodies used for flow cytometry.
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mM glutamine, 10 mM pyruvate (Invitrogen) and 10 µg/mL gentamicin (Centrafarm, The 
Netherlands) and stimulated with 10 ng/mL LPS (E. coli serotype 055:B5, further purified as 
described previously (11); Sigma-Aldrich, MO, USA) for 24 h. Supernatants were collected 
for determination of cytokine secretion.

Splenocytes were resuspended in RPMI and stimulated with 10 ng/mL LPS or heat-
inactivated C. albicans (MYA-3573 UC 820, ATCC, Germany). Supernatants were collected 
at 48 h or 5 days for measurement of innate or adaptive cytokines.

Bone marrow cells were resuspended in Dulbecco’s Modified Eagle Medium (Gibco, 
Invitrogen, CA, USA) supplemented with 30% L929 medium, 10% FCS, 1% nonessential 
amino acids, 1% 100 U/mL penicillin and 100 mg/mL streptomycin for differentiation into 
macrophages. On day 6, the bone marrow-derived macrophages (BMDMs) were harvested 
and stimulated with 10 ng/mL LPS for 24 h. Supernatants were collected for cytokine 
measurements.

Cytokine measurements
Mouse IL-6 (CMC0063, Life technologies, The Netherlands), IL-10 and interferon γ (IFNγ; 
DY417 and DY485, R&D Systems Europe, UK) were measured using commercial ELISA kits 
according to manufacturers’ instructions. Mouse tumor necrosis factor alpha (TNF) and  
IL-1β were measured using specific radioimmunoassays (RIA) as described previously (12).

Food intake and body weight and composition measurements
Food intake and body weight were measured weekly with a scale, and body composition 
was measured using an EchoMRI-100 analyzer (EchoMRI, TX, USA).

Determination of plasma and liver lipids
At the indicated time points, 4 h-fasted (from 8:00 am to 12:00 pm) blood samples were 
collected through tail vein bleeding and isolated plasma was assayed for TC and TG by using 
commercially available enzymatic kits (Roche Diagnostics, Germany). For determination 
of HDL-cholesterol, apoB-containing particles were precipitated from plasma with 
20% polyethylene glycol in 200 mM glycine buffer (pH 10) and TC was measured in the 
supernatant.

Lipids were extracted from the liver following a protocol modified from Bligh and Dyer 
(13). Liver samples were homogenized in 10 µL ice-cold CH3OH/mg tissue. Lipids were 
extracted into an organic phase by the addition of 1,800 µL CH3OH:CHCl3 (1:3 v/v) to 45 
µL homogenate and subsequent centrifugation. The lower organic phase was evaporated, 
lipids were resuspended in 2% Triton X-100, and TC and TG content was assayed as 
described above. Phospholipids (PL) were determined using an enzymatic colorimetric kit 
(Instruchemie, The Netherlands).
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In vivo clearance of VLDL-like particles
VLDL-like TG-rich particles (80 nm) labelled with glycerol tri[3H]oleate (TO) and [14C]
cholesteryl oleate (CO) were prepared and characterized as described previously (9, 14). 
Mice were fasted for 4 h (from 8:00 am to 12:00 pm) and injected with 200 µL of VLDL-like 
particles (1.0 mg TG per mouse) via the tail vein. Blood samples were drawn from the tail 
vein at the indicated times after injection to determine the plasma decay of [3H]TO and 
[14C]CO. After 15 min, mice were killed by cervical dislocation and perfused with ice-cold 
PBS through the heart. Organs were harvested and weighed, dissolved in Tissue Solubilizer 
(Amersham Biosciences, The Netherlands) overnight at 56°C and analysed for 3H- and 
14C-activity.

Extraction and analysis of hepatic cholestanol and sterols
Total cholesterol, markers for hepatic cholesterol synthesis (i.e. lanosterol, desmosterol 
and lathosterol) as well as markers for intestinal cholesterol absorption (i.e. cholestanol, 
campesterol and sitosterol) were extracted from liver by chloroform-methanol and analysed 
by GC-flame ionization detection and GC-MS as reported previously (15). Dry weight of liver 
samples was determined after they were dried to constant weight overnight in a Speedvac 
(Servant Instruments Inc., NY, USA). Data are expressed as ratio to hepatic total cholesterol 
levels.

Western blot
Pieces of snap-frozen liver tissue (~50 mg) were lysed, protein was isolated, and Western 
blots were performed as previously described (16). Primary antibodies and dilutions are 
listed in Table 3. Protein content was corrected for the housekeeping protein Tubulin.

Assessment of foam cell formation
Foam cell formation was assessed by culturing 1x105 cells/well either in control medium 
or medium supplemented with 50 μg/mL oxidized human LDL (oxLDL, prepared as 
described previously (17)) for 48 h. Supernatants were removed and cells were lysed (0.5% 
Triton-X100). Uptake of oxidized LDL was assessed by measuring intracellular human apoB 
with ELISA as described before (17).

Primary antibody Dilution Supplier

LDLR 1:1000 AF2255, R&D Systems

SR-BI 1:1000 Ab396, Abcam Inc

α/β-Tubulin 1:1000 #2148, Cell Signaling

Table 3: Primary antibodies used for Western blot.
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Atherosclerosis quantification
Hearts were collected, fixed in 4% paraformaldehyde, dehydrated in 70% EtOH, embedded 
in paraffin and cross-sectioned (5 µm) perpendicular to the axis of the aorta throughout 
the aortic root area, starting at the point where the open aortic valve leaflets appear. Per 
mouse, four sections with 50 µm intervals were used for atherosclerosis measurements. 
Sections were stained with haematoxylin-phloxine-saffron (HPS) for histological analysis. 
Lesions were categorized for lesion severity according to the guidelines of the American 
Heart Association adapted for mice (18). Various types of lesions were discerned: mild 
lesions (types 1-3), severe lesions (types 4-5) and valve lesions. Lesion area was determined 
using ImageJ Software (9). Detection of macrophage-positive area was performed with rat 
monoclonal anti-MAC-3 antibody (BD Pharmingen, CA, USA) and Vector Impress anti-rat 
(Vector Laboratories Inc.). The immunostaining was amplified using Vector Laboratories 
Elite ABC kit and peroxidase activity was visualized with NovaRed (Vector Laboratories 
Inc.). Sirius red (Chroma, Germany) was used to stain for collagen. The stability index was 
determined by dividing the Sirius red-positive area by the MAC-3-positive area.

Statistical Analysis
All data are expressed as means ± SEM. Groups were compared with a two-tailed unpaired 
Student’s t-test unless stated otherwise. Groups were considered statistically significant 
if p<0.05.

RESULTS

BCG induces mycobacterial infection in hyperlipidemic mice
E3L.CETP mice were fed a Western-type diet containing 0.1% cholesterol (WTD) and 
received a single intravenous  BCG injection. After six weeks, blood and various organs 
were cultured to investigate whether viable  BCG was still present. Blood of  BCG-treated 
mice tested negative for mycobacteria. However, livers, spleens and bone marrow of BCG-
treated mice were positive for mycobacteria (Suppl. Fig. 1 and data not shown), indicating 
ongoing infection.

BCG induces hepatic inflammation
Since  BCG induced hepatic mycobacterial infection and the liver plays a key role in lipid 
metabolism, we further studied the livers of the  BCG-treated animals. Liver weight was 
increased in BCG-treated mice (+53%, Fig. 1A). In these livers, severe leukocyte infiltration 
(Fig. 1B) and accumulation of F4/80-positive cells (Fig. 1C) was observed. This coincided 
with increased expression of inflammatory markers including F4/80 and Tnf as well as the 
T cell markers Cd3, Cd4 and Cd8 (Fig. 1D). Besides hepatomegaly, BCG-treated mice also 
exhibited an enlarged spleen (+149%, Fig. 1A).
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BCG induces overall immune activation
Given the inflammatory state of the liver, we assessed the effect of BCG on circulating white 
blood cells by flow cytometry. Within the CD45+ white blood cells, BCG did not significantly 
affect the relative monocyte or granulocyte content (Suppl. Fig. 2A, B), but did reduce 
the percentage of B cells (-33%, Suppl. Fig. 2C). The percentage of total T cells remained 
similar upon BCG vaccination (Suppl. Fig. 2D), but BCG increased T helper cells (+11%, Fig. 
2A) without altering cytotoxic T cells (Fig. 2D). Activation of T helper cells was not affected 
by BCG (Fig. 2B), but the memory T helper cells tended to be higher (+59%, Fig. 2C). More 
pronounced effects on activation and memory were found within the cytotoxic T cells, 
as BCG induced both activation (+204%, Fig. 2E) and memory (+84%, Fig. 2F) of cytotoxic 
T cells. Overall, these findings suggest that BCG induces activation of circulating immune 
cells.

To determine the inflammatory status of tissue macrophages, we performed ex 
vivo stimulation of peritoneal macrophages, splenocytes and bone marrow-derived 
macrophages and measured cytokine secretion. BCG increased the number of macrophages 
in the peritoneal cavity (+37%, Fig. 2G). Even after correcting for the number of cells, the 
peritoneal macrophages of  BCG-treated mice produced more inflammatory cytokines 
upon LPS stimulation than macrophages from untreated animals (i.e. TNF, IL-1β; Fig. 2H-K), 
suggesting an increased innate inflammatory phenotype.
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Figure 1. BCG induces hepatic inflammation. E3L.CETP mice fed a WTD were treated with PBS or BCG 
(0.75 mg; 5x106 CFU; i.v.). Upon sacrifice after 6 weeks, liver and spleen were collected and weighed (A). 
Haematoxylin and Eosin (B) and F4/80 staining (C) of liver sections was performed. Representative pictures 
are shown. The relative content of F4/80 positive cells was quantified (C). Hepatic mRNA expression of 
the indicated inflammatory genes was determined (D). Values represent means ± SEM (n=6). **p<0.01 
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Figure 2. BCG increases immune activation. E3L.CETP mice fed a WTD were treated with PBS or BCG 
(0.75 mg; 5x106 CFU; i.v.). After 6 weeks, blood, peritoneal macrophages and bone marrow were collected. 
Within the CD3+ T cell fraction, percentage of CD4+ (A) and CD8+ (D) cells were determined. Within the 
CD4+ and CD8+ T cell fractions, percentages of activated T cells (CD44+CD25+; B, E) and memory T cells 
(CD44+CD25-; C, F) were determined. Peritoneal macrophages were counted (G) and stimulated with LPS. 
Production of IL-6 (H), TNF (I), IL-1β (J) and IL-10 (K) was measured. Bone marrow cells were counted before 
(L) and after differentiation into macrophages (M). Values represent means ± SEM (n=6). *p<0.05 **p<0.01 
vs. PBS.
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Splenocytes from  BCG-treated mice also produced more inflammatory cytokines 
upon LPS stimulation (i.e. IL-6, TNF, IL-10; Suppl. Fig. 2E-G), confirming the inflammatory 
phenotype. Interestingly, upon adaptive immune response stimulation (i.e. with C. Albicans) 
splenocytes also produced more IFNγ (Suppl. Fig. 2H), suggesting that BCG activates CD4+ 
and CD8+ T cells in the spleen, in line with our observations on circulating cells.

Bone marrow cell counts were lower in mice treated with  BCG (-28%, Fig. 2L). After 
adjusting for the number of cells, bone marrow-derived macrophages (BMDMs) from BCG 
treated mice did not exhibit lower capacity to proliferate (Fig. 2M), suggesting that 
the reduced bone marrow cell counts reflect hematopoietic stem and progenitor cell 
exhaustion. LPS stimulation of BMDMs did not reveal alterations in cytokine production 
(data not shown). Taken together,  BCG infection resulted in increased overall immune 
activation.

BCG lowers body fat but increases liver lipid content
To assess the effect of BCG on the metabolic phenotype of E3L.CETP mice, body weight 
and composition were measured over the 6-week period after  BCG administration. Total 
body weight (Fig. 3A) and food intake (Fig. 3B) were not affected by BCG. After 6 weeks, lean 
body mass remained unaffected (Fig. 3C), but fat mass tended to be lower in BCG-treated 
animals (-32%, Fig. 3D), which was corroborated by a reduced weight of the gonadal white 
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Figure 3.  BCG increases liver 
lipids. E3L.CETP mice fed a 
WTD were treated with PBS 
or  BCG (0.75 mg; 5x106 CFU; 
i.v.). Body weight (A), food intake 
(B), lean mass (C), fat mass (D), 
gonadal white adipose tissue 
weight (E) were measured 
at the indicated time points. 
Lipids were extracted from 
liver and liver triglycerides (TG), 
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means ± SEM (n=5-6). *p<0.05 
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fat pads (-36%, Fig. 3E). In line with the increase in liver weight, BCG-treated mice exhibited 
increased liver lipid content (i.e. TG, cholesterol and phospholipids), although the increase 
in TG content did not reach statistical significance (Fig. 3F).

BCG lowers plasma cholesterol by accelerating hepatic uptake 
of cholesterol-enriched lipoprotein remnants and reducing 
intestinal cholesterol absorption
As hypercholesterolemia is the main risk factor for atherosclerosis development, we 
studied the effect of BCG on plasma lipid levels. BCG tended to decrease plasma TG levels 
after 6 weeks (-34%, Fig. 4A), and consistently reduced plasma total cholesterol (TC) levels 
during the study (-34% at the endpoint, Fig. 4B) when compared to the PBS-treated group. 
This reduction in TC was confined to lowering of the nonHDL-cholesterol fraction (Fig. 
4C). To investigate whether the reduced plasma TC levels were due to increased clearance 
of lipoprotein remnant cholesterol, we assessed the plasma clearance and organ uptake 
of glycerol tri[3H]oleate (TO)- and [14C]cholesteryl oleate (CO)-double-labelled VLDL-like 
particles in vivo. Plasma clearance of [3H]TO was comparable between the groups (Fig. 4D, 
t½ = 3.0 vs. 3.4 min, p=0.09), and no obvious effects on organ uptake of 3H-activity were found 
apart from an increased uptake by the spleen (+109%, Fig. 4E). In contrast, BCG markedly 
accelerated plasma clearance of [14C]CO (Fig. 4F, t½ = 5.0 vs. 8.5 min, p=0.002), mainly due 
to increased uptake of [14C]CO by the liver (+25%, p=0.05) and to a lesser extent also by the 
spleen (+214%, Fig. 4G). The increase in liver and spleen weight are key to this increased 
[14C]CO-uptake, as uptake of [14C]CO by liver and spleen did not differ when expressed per 
gram organ (data not shown). These data support the notion that BCG reduces plasma TC 
levels by enhancing hepatic uptake of cholesterol-enriched lipoprotein remnants.

Besides increased cholesterol clearance, reduced hepatic cholesterol synthesis or 
intestinal cholesterol absorption could underlie the reduced plasma cholesterol levels. To 
assess whether BCG affects hepatic cholesterol synthesis, we determined the cholesterol 
precursors lanosterol, desmosterol and lathosterol in the liver (Fig. 4H). The ratios of 
lanosterol and desmosterol to total cholesterol were increased (+53 and +79%) upon BCG 
treatment, whereas the ratio of lathosterol to cholesterol remained unchanged. This 
suggests increased rather than decreased hepatic cholesterol synthesis. As measures of 
intestinal cholesterol absorption, we measured cholestanol, campesterol and sitosterol in 
the liver (Fig. 4I). Interestingly, the ratios of cholestanol and campestanol to total cholesterol 
were decreased (-28% and -37%), whereas the ratio of sitosterol to total cholesterol 
remained similar. These data indicate that BCG reduces intestinal cholesterol absorption.

We next assessed gene expression and protein content in the liver upon  BCG 
treatment.  BCG did not affect genes involved in cholesterol metabolism, including Ldlr, 
Apob and Hmgcoar, nor LDLR and SR-BI protein content (data not shown).
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Figure 4.  BCG increases plasma cholesterol clearance towards the liver and reduces intestinal 
cholesterol absorption. E3L.CETP mice fed a WTD were treated with PBS or BCG (0.75 mg; 5x106 CFU; 
i.v.). Plasma triglycerides (A) and total cholesterol (B) were analysed at the indicated time points. After 6 
weeks of treatment also plasma nonHDL-cholesterol and HDL-cholesterol were determined (C). After 6 
weeks, mice were injected with glycerol tri[3H]oleate and [14C]cholesteryl oleate double-labelled VLDL-like 
particles and clearance from plasma (D, F) and uptake by organs and tissues at 15 min after injection were 
determined by analysing 3H- and 14C-activity (E, G). Cholestanol and sterols were extracted from liver and 
expressed as ratios to cholesterol or per mg dry tissue weight (H, I). Values represent means ± SEM (n=4-6). 
Interaction between plasma clearance of 3H- and 14C-activity and time was analysed by two-way ANOVA. 
*p<0.05 **p<0.01 vs. PBS. nonHDL-C, nonHDL-cholesterol; HDL-C, HDL-cholesterol; gWAT, gonadal white 
adipose tissue; sWAT, subcutaneous white adipose tissue; BAT, brown adipose tissue.
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Figure 5.  BCG decreases atherosclerosis development. E3L.CETP mice fed a WTD were treated with 
PBS or  BCG (0.75 mg; 5x106 CFU; i.v.). After 6 weeks, peritoneal macrophages (A) and bone marrow-
derived macrophages (B) were incubated with oxLDL and uptake was measured. Hearts were collected 
and slides of the valve area of the aortic root of were stained with haematoxylin – phloxine – saffron (C). 
Atherosclerotic lesion area as a function of distance was determined (D) and the mean lesion area was 
calculated from the four cross-sections from D (E). Lesions were categorized according to lesion severity 
(F) and the percentage of non-diseased segments was scored (G). The macrophage (H) and collagen 
(I) content of the lesions was determined, and the stability index (collagen/macrophage content of the 
lesions) was calculated (J). Values represent means ± SEM (n=6). *p<0.05 vs. PBS.
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BCG delays atherosclerosis development
Since  BCG markedly increased immune activation, but lowered plasma cholesterol 
levels, we investigated the effects of  BCG on foam cell formation and atherosclerosis 
development. BCG reduced the ex vivo uptake of oxLDL by peritoneal macrophages (-18%, 
Fig. 5A) and BMDMs (-27%, Fig. 5B), suggesting reduced foam cell formation and an overall 
anti-atherogenic phenotype of macrophages after BCG treatment.

We therefore determined atherosclerotic lesion area of the lesions in the aortic 
root of the heart 6 weeks after  BCG administration. Interestingly,  BCG tended to reduce 
atherosclerotic lesion area throughout the aortic root (Fig. 5C, D) as well as the mean 
atherosclerotic lesion area (-59%, Fig. 5E). Although lesion severity was generally mild, BCG 
still induced a shift towards a reduced lesion severity (Fig. 5F). In addition, the number of 
non-diseased segments tended to be higher after BCG treatment (+155%, Fig. 5G). In line 
with the reduced lesion severity,  BCG increased the macrophage content of the lesions 
(+43%, Fig. 5H). Collagen content (Fig. 5I) and lesion stability (ratio collagen/macrophage 
area, Fig. 5J) were not affected by  BCG. When only type 3 lesions were compared 
between groups, the macrophage content and lesion stability were unaffected (data not 
shown), indicating that  BCG did not induce a more inflammatory or unstable phenotype 
of the lesions. Together, our findings indicate that  BCG administration decreases plasma 
cholesterol levels and delays atherosclerosis development.

DISCUSSION

BCG has been shown to modulate atherosclerosis development through immunomodulatory 
mechanisms (5, 6), but its effect on cholesterol metabolism, the main determinant of 
atherosclerosis, has not been investigated before. In the current study, we show that BCG 
administration in hyperlipidemic E3L.CETP mice induced an overall inflammatory phenotype, 
as shown by hepatic infection and inflammation, and activation of circulating T cells as well as 
peritoneal macrophages and splenocytes. Furthermore, BCG markedly decreased plasma 
nonHDL-cholesterol levels by enhancing hepatic clearance of cholesterol and reduced 
foam cell formation ex vivo. As a result of these anti-atherogenic characteristics,  BCG 
delayed atherosclerosis progression and reduced lesion severity.

We found  BCG to be present in the liver, spleen and bone marrow 6 weeks after 
administration, indicating that the mycobacterium disseminated to these organs. In humans, 
dissemination of BCG can occur upon vaccination (19-21) and disseminated BCG infections 
can manifest in bladder cancer patients as a side effect of intravesical treatment with BCG 
(22). Our finding that the liver and spleen were enlarged in the BCG-treated group has also 
been observed in humans upon disseminated BCG infection (21, 23) and extrapulmonary 
tuberculosis (24, 25). Together, these reports indicate that our study can be translated to 
the human situation.

Besides increased immune activation, we observed a large reduction of plasma nonHDL-
cholesterol levels upon BCG administration, which was accompanied by elevated hepatic 
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uptake of circulating cholesterol-enriched lipoprotein remnants and reduced intestinal 
cholesterol absorption. Since plasma HDL-cholesterol nor hepatic SR-BI content were 
altered, it seems unlikely that BCG influences reverse cholesterol transport. An underlying 
mechanism for the reduced plasma nonHDL-cholesterol levels could be that accumulated 
immune cells (26) as well as mycobacteria (27-30), both of which we detected in the liver, 
are responsible for the increased hepatic lipoprotein remnant uptake. Immune cells use 
lipids as an energy source and cholesterol is indispensable as a membrane component 
for cell growth, proliferation and membrane remodelling (26, 31, 32). Mycobacteria use 
host cholesterol for entry into macrophages and as a source of carbon and energy, as 
they cannot synthesize cholesterol themselves (27, 28, 33). Therefore, host cholesterol 
is essential for the persistence of infection (27-29). For mycobacterium leprae, which 
also infects macrophages and uses host cholesterol for survival, it was recently shown 
that infected macrophages take up LDL by upregulation of LDLR (34). Furthermore, Ldlr 
expression was shown to be upregulated in caseous human pulmonary tuberculosis 
granulomas (35), supporting the possibility that upregulation of LDLR specifically in 
infected tissue macrophages underlies the increased cholesterol uptake in our study. 
An additional cause of the reduced plasma nonHDL-cholesterol levels is the reduced 
intestinal cholesterol absorption as evidenced by reduced cholestanol and plant sterol 
levels in the liver. Intestinal absorption can be dysregulated by systemic or intra-abdominal 
inflammation, which is also observed in coeliac disease, Crohn’s disease (36) and cystic 
fibrosis patients (37, 38). Evidently, BCG infection and subsequent inflammation also lead 
to reduced cholesterol absorption.

Several pieces of evidence suggest that mycobacteria modulate lipid metabolism in 
humans as well. For instance, cholesterol levels in Nigerian adults with tuberculosis are 
lower when compared to healthy controls (39). Deniz et al. (40) also show that serum total 
cholesterol, HDL-cholesterol and LDL-cholesterol concentrations are lower in patients with 
pulmonary tuberculosis. Moreover, M. tuberculosis uses fatty acids from host triglycerides 
as a lipid source (41) and tuberculosis patients exhibit lower serum medium-chain fatty 
acids (42). Unfortunately, to our knowledge, no data exist on plasma cholesterol levels in 
patients with disseminated BCG infection.

Ultimately,  BCG tended to reduce atherosclerotic lesion area by more than half, and 
delayed the onset and progression of atherosclerosis evidenced by 1) the increased 
number of non-diseased segments; 2) the higher percentage of mild type 1 lesions; 3) 
the increased macrophage content of the lesions, indicative for mild type 1 and 2 lesions. 
Although the latter could also point to a more inflammatory phenotype of the lesions, this 
was contradicted by the fact that the macrophage content and lesion stability index within 
type 3 lesions only did not differ between the groups. Previous studies that investigated 
the effect of BCG on atherosclerosis focussed on the immunomodulatory effects of BCG 
and were not properly designed to investigate the effect of BCG on cholesterol metabolism. 
In one study performed in rabbits, plasma cholesterol level of each individual rabbit was 
maintained at a specific level by adjusting the cholesterol content in the diet (5), excluding 
the possibility to investigate the effects of BCG on cholesterol metabolism. Ovchinnikova et 
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al. (6) studied the effect of BCG that was killed by extensive freeze-drying on atherosclerosis 
and did not find changes in plasma cholesterol levels upon BCG treatment in Apoe-/- mice 
and Ldlr-/- mice. However, even though Apoe-/- and Ldlr-/- mice are the most widely used 
atherosclerosis models, they lack a functional hepatic ApoE-LDLR axis, the predominant 
route by which cholesterol-enriched lipoprotein remnants are cleared from the circulation 
(9). Based on our study in E3L.CETP mice, with a functional ApoE-LDLR pathway for 
lipoprotein remnant clearance, we conclude that the cholesterol lowering effect of  BCG 
overrules the effect of immune activation during the development of atherosclerosis, 
resulting in delayed atherosclerotic plaque formation.

Carotid atherosclerosis is increased in patients with chronic infections and interestingly, 
the atherosclerosis risk is highest in those with the most prominent inflammatory response, 
indicating that systemic inflammation contributes to atherosclerosis (43). However, Giral et 
al. (44) compared hypercholesterolemic patients with and without a history of tuberculosis 
and found that past tuberculosis is not associated with atherosclerosis development. 
Whether mycobacterial infection has beneficial effects on atherosclerosis in humans 
related to a reduction in plasma cholesterol remains to be investigated.

In conclusion, our data demonstrate that  BCG infection lowers plasma nonHDL-
cholesterol levels by accelerating hepatic uptake of cholesterol-enriched lipoprotein 
remnants and reducing intestinal absorption of dietary cholesterol. Furthermore,  BCG 
delays atherosclerotic plaque formation despite increased immune activation, most likely 
due to lowering of nonHDL-cholesterol. Because BCG is used as a vaccine for tuberculosis 
worldwide, the effect of BCG on atherosclerosis in humans is an interesting field of future 
studies.
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SUPPLEMENTARY APPENDIX

Supplementary figure 1. E3L.CETP mice fed a WTD were treated with PBS or BCG (0.75 mg; 5x106 CFU; i.v.) 
at baseline (t=0 weeks). Upon sacrifice after 6 weeks, livers were collected and Ziehl-Neelsen (ZN) staining 
of liver sections was performed. A representative liver section of a BCG-treated mouse is shown.
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Supplementary figure 2. E3L.CETP mice fed a WTD were treated with PBS or BCG (0.75 mg; 5x106 CFU; 
i.v.) at baseline (t=0 weeks). After 6 weeks, blood and splenocytes were collected. Within the CD45+ cells in 
the blood, percentage of monocytes (A), granulocytes (B), B cells (C) and CD3+ T cells (D) was measured. 
Isolated splenocytes were stimulated with LPS for innate cytokines or C. albicans for adaptive cytokines. 
Production of IL-6 (E), TNF (F), IL-10 (G) and IFNγ (H) was measured. Values represent means ± SEM (n=6). 
*p<0.05 vs. PBS.


