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Abstract
This study focused on the unique properties of both the Ldlr knockout defect (closely mim-

icking the human situation) and the BALB/c (C) inbred mouse strain (Th-2 slanted immune

response). We generated two immunodeficient strains with severe combined B- and T-cell

immunodeficiency with or without a complete lack of natural killer cells to revisit the role of

adaptive immune responses on atherogenesis. C-Ldlr-/- Rag1-/- mice, which show severe

combined B- and T-cell immunodeficiency and C-Ldlr-/- Rag1-/- Il2rg-/- mice, which combine

the T- and B-cell defect with a complete lack of natural killer cells and inactivation of multiple

cytokine signalling pathways were fed an atherogenic Western type diet (WTD). Both B6-

Ldlr-/- and C-Ldlr-/- immunocompetent mice were used as controls. Body weights and

serum cholesterol levels of both immunodeficient strains were significantly increased com-

pared to C-Ldlr-/- controls, except for cholesterol levels of C-Ldlr-/- Rag1-/- double mutants

after 12 weeks on the WTD. Quantification of the aortic sinus plaque area revealed that

both strains of immunodeficient mice developed significantly more atherosclerosis com-

pared to C-Ldlr-/- controls after 24 weeks on the WTD. Increased atherosclerotic lesion

development in C-Ldlr-/- Rag1-/- Il2rg-/- triple mutants was associated with significantly

increased numbers of macrophages and significantly decreased numbers of smooth mus-

cle cells compared to both C-Ldlr-/- wild type and C-Ldlr-/- Rag1-/- double mutants pointing

to a plaque destabilizing effect of NK cell loss. Collectively, the present study reveals a pre-

viously unappreciated complexity with regard to the impact of lymphocytes on lipoprotein

metabolism and the role of lymphocyte subsets in plaque composition.
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Introduction
Manipulation of the immune system by a variety of means has been used to unravel the roles of
cellular and humoral immunity in the pathogenesis of atherosclerosis [1]. Although the
absence of autoantibodies and T lymphocytes did not influence [2] or only played a minor role
[3] in the extent of aortic atherosclerotic lesions in Apoe-deficient mice, studies in Ldlr defi-
cient mice suggest that T lymphocytes exert pro-inflammatory effects early in atherogenesis
[4]. In contrast, subsets of B lymphocytes and/or antibodies are protective against atherosclero-
sis both in Apoe-[5] and Ldlr-[6] deficient mice.

Unlike conventional T cells that recognize peptide antigens presented by the classical MHC
class I or class II molecules, natural killer T (NKT) cells are specific for glycolipid antigens pre-
sented by the MHC class I-like molecule CD1 [7]. CD1d-restricted NKT cells are pro-athero-
genic in both Apoe- [8] and Ldlr- [8–10] deficient mice.

Depending on the local milieu of cytokines, CD4+ T lymphocytes differentiate into a T-
helper (Th) 1 or Th 2 lineage. Cytokines associated with a pro-inflammatory Th-1 response
(interferon (IFN)-γ and interleukin (IL)-12) play a role in atherogenesis while Th2 associated
cytokines including IL-10 are protective against lesion development [11]. It is also known that
severe hypercholesterolemia induces a switch from Th1 to Th2 development in Apoe-deficient
mice resulting not only in the formation of IgG1 autoantibodies to oxidized LDL, but also in
the appearance of Th2-type cytokines in the atherosclerotic lesions [12]. The impact of a Th1
versus Th2 immune response on atherogenesis was further detailed in the context of Apoe-
deficient mouse strains, which either had a C57BL/6 (B6) background, producing predomi-
nantly Th1 helper cells, or which had a BALB/c (C) background, leaning toward Th2 domi-
nated immune responses [13]. However, as Apoe-deficient mice exhibit an impaired immune
response during infection with Listeria monocytogenes [14] general concerns over using this
model to evaluate immune response in atherosclerosis have been raised, and it has been dem-
onstrated that Ldlr-deficient mice did not exhibit any potentially confounding perturbations in
immune response [4]. In addition, since atherosclerotic lesions in Ldlr-deficient mice do not
develop spontaneously as in Apoe-deficient animals but are inducible under Western type diet
(WTD), and since the serum lipoprotein profile of Ldlr-deficient animals is characterized by
high-level LDL rather than by chylomicrons and VLDL (as in Apoe-deficient mice) [15–17],
Ldlr-deficient mice represent a more physiological model of atherogenesis compared to Apoe-
deficient mice.

In the present study, we studied the unique properties of both Ldlr-deficiency (closely mim-
icking the human situation) and the BALB/C mouse strain (Th2 slanted immune response)
and generated two immunodeficient strains with severe combined B- and T-cell immunodefi-
ciency with or without a complete lack of natural killer cells to revisit the role of adaptive
immune responses on atherogenesis.

Materials and Methods

Mouse Strains and Dietary Induction of Atherosclerosis
The B6-Ldlr-/- (official designation: B6.129S7-Ldlrtm1Her/J, Stock No 2207) knockout strain was
purchased from The Jackson Laboratory (TJL, Bar Harbor, Maine, USA).

Generation of the BALB/c-Ldlrtm1Her (internal designation C-Ldlr-/-) mice has been
described in Spencer et al[18] and homozygous C.129S7-Ldlrtm1Her (C.Ldlr-/-) breeder mice
were obtained from the animal care facility of the University of Washington. C-Ldlr-/- mice
carry the atherosclerotic Ldlrtm1Her allele on the inbred BALB/c background which is prone to
Th2 immune responses.
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C.129S7-Ldlrtm1Her Rag1tm1Mom (internal designation C-Ldlr-/- Rag1-/-) double mutants
were generated by crossing the C-Ldlr-/- strain to C-Rag1-/- mice [19] (generously provided by
the Department of Immunology of the University Medical Center, Mainz) and intercrossing
the resulting C-Ldlr+/- Rag1+/- F1 mice. C-Ldlr-/- Rag1-/- mice combine atherogenesis suscepti-
bility with a severe combined B- and T-cell immunodeficiency.

C.129S7-Ldlrtm1Her Rag1tm1Mom Il2rgtm1Wjl (internal designation C-Ldlr-/- Rag1-/- Il2rg-/-)
triple knockout mutants were generated by crossing C-Ldlr-/- mice to BALB/c.Cg-Rag1tm1Mom

Il2rgtm1Wjlmice (internal designation C-Rag1-/- Il2rg-/-), raised by L.D.S at The Jackson Labora-
tory, crossing the resulting C-Ldlr+/- Rag1+/- Il2rg+/- hybrids to the C-Rag1-/- Il2rg-/- parental
strain until homozygosity was reached at the Rag1 and Il2rg loci and intercrossing the resulting
C-Ldlr+/- Rag1-/- Il2rg-/- mice. C-Ldlr-/- Rag1-/- Il2rg-/- mice are prone to atherosclerosis, are
deficient in mature T-cells, B-cells and natural killer cells and have inactivation of the IL-2, IL-
4, IL-7, IL-9, IL-15, and IL-21 cytokine signalling pathways [20].

Genetic authenticity of all strains was monitored commercially (KBioscience, Hoddesdon,
UK) using the SNP-based marker set previously developed by The Jackson Laboratory [21].

All mice were maintained at the Central Laboratory Animal Facility of the University Medi-
cal Center of Mainz, Germany, under specific pathogen free conditions in accordance with
standard animal care requirements and maintained on a 12/12 hour light-dark cycle. Water
and food were given ad libitum. Female C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- knockout
mice, as well as female C-Ldlr-/- and B6-Ldlr-/- mice were placed on a pro-atherogenic West-
ern-type diet (WTD, Ssniff Spezialdiäten GmbH, Soest, Germany) at an age of eight weeks.
The WTD contained 21% (wt/wt) fat and 0.15% (wt/wt) cholesterol and was administered for
a time span of either 12 or 24 weeks, respectively.

All animal work performed in this study was conducted according to the national guidelines
and was reviewed and confirmed by an institutional review board/ethics committee headed by
the local animal welfare officer (Prof. Kempski) of the University Medical Center Mainz, Ger-
many. The animal experiments were finally approved by the responsible national authority,
which is the National Investigation Office Rheinland-Pfalz (Koblenz, Germany). The Approval
ID assigned by this authority is AZ 23 177-07/G 07-1-003.

Lipoprotein and Analysis of Murine Sera
Murine sera were diluted 1:3 prior to quantitative cholesterol and triglyceride analyses. Quanti-
tative cholesterol determinations were conducted using a colorimetric assay (CHOP-PAP,
Roche1 Diagnostics, Mannheim, Germany). Triglycerides were determined by quantifying
free glycerine originating from hydrolytic cleavage (GPO-PAP, Roche Diagnostics). Addition-
ally, lipoproteins were isolated by small-volume sequential ultracentrifugation with a Beckman
TLA100.2 rotor as described. Isolated individual density fractions and whole sera were resolved
by electrophoresis in 1% agarose gels. The gels were dried and stained with Fat Red 7B to iden-
tify lipoproteins containing neutral lipid [22]. Lastly, plasma lipoprotein profiles were analyzed
by fast protein liquid chromatography (FPLC) gel filtration as described previously [23].

Tissue Preparation and Quantification of Atherosclerotic Lesions
Mice fed with WTD were sacrificed by exposure to carbon dioxide and peritoneal cavities were
opened. The lung, liver, small intestine, kidney, spleen, heart and aorta were resected en bloc
and fixed in 4% PBS-buffered formaldehyde. Hearts were sequentially cut into a total of 30
(3 μm thick) sections around the aortic sinus. Out of 30 sections, every fifth slide was stained
with trichrome and computer-assisted measurement of plaque size was performed as described

Immunodeficiency and Atherosclerosis in BALB/c Mice

PLOS ONE | DOI:10.1371/journal.pone.0157311 August 26, 2016 3 / 14



previously [24]. The remaining aortic sinus and spleen sections were used for further immuno-
histochemistry and histochemistry.

Immunohistochemistry and Histochemical Analyses
The sections of paraffin-embedded tissues were deparaffinized and antigen-retrieval was
achieved by heating the sections in target retrieval solution (Dako Corporation, Denmark).,
Slides were treated with 3% H2O2 to block endogenous peroxidase activity. Immunostaining
with murine monoclonal antibodies was performed using the Vector M.O.M. immunodetec-
tion kit (Vector Laboratories, Burlingham, Calif.). Staining with rat antibodies was performed
using the VECTASTAIN Elite ABC Kit (Vector Laboratories), and staining with rabbit anti-
bodies was performed using the Dako REAL EnVision Detection System, rabbit/mouse kit
(Dako Corporation, Denmark). After blocking, slides were incubated with primary antibodies
listed in Table 1. Reaction products were identified by immersing the slides in diaminobenzi-
dine tetrachloride (DAB) to yield a brown reaction product. The slides were then counter-
stained with hematoxylin and mounted. Negative controls included replacement of the
primary antibody by irrelevant isotype-matched antibodies. Collagen content was analyzed by
picrosirius red and polarized light microscopic imaging. Immunohistochemical or picrosirius
red staining was quantified by Photoshop-based image analysis as described [25,26]. The ratio
of the positively stained area to the total lesion area (percent-positive area) or the number of
positively stained cells per mm2 lesion, respectively, was calculated. All quantitative morpho-
metric and immunohistochemical data were collected independently by two experienced oper-
ators blinded to the mice genotypes.

Statistical Analyses
Data were analysed with Prism 5.0. Most of the outcome parameters determined in this study
(macrophage, T-, NK- and smooth muscle (SMC) cellularity as well as collagen content of ath-
erosclerotic lesions) did not follow a normal distribution as judged by Shapiro-Wilk tests.
These parameters are thus presented as box-plots with median, interquartile range, minimum
and maximum diagrams and their statistical analyses have been performed with the non-
parametric Mann-Whitney U tests. Body weights and serum lipid concentrations were found
to follow a normal distribution. These data are thus presented as mean (± SD) and were ana-
lyzed by t-test of significance. Differences between the mouse genotypes were considered as sig-
nificant for p-values< 0.05.

Table 1. Primary Antibodies for Immunohistochemistry.

Antibodies Name Source Company

α-Actin human Muscle Actin (HHF35) mAb Mouse Dako

cCaspase3 Cleaved Caspase-3 (Asp175) Antibody Rabbit Cell Signaling

CD2 Anti-CD2 polyclonal antibody Rabbit Bioss

CD56 NCAM1/CD56 polyclonal antibody Rabbit Proteintech

CD57 Anti-CD57 rabbit clonal antibody Rabbit DB Biotech

F4/80 Anti-mouse F4/80 (CI:A3-1) mAb Rat AbD Serotec

Geminin Geminin Polyclonal Antibody Rabbit Proteintech

VCAM1 Anti-VCAM1 antibody (EPR5047) Rabbit Abcam

mAb: monoclonal antibody

doi:10.1371/journal.pone.0157311.t001
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Results

Serum Lipids and Lipoproteins
Starting at eight weeks of age female C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- knockout
mice, as well as female C-Ldlr-/- and B6-Ldlr-/- controls were administered an atherogenic
WTD for 12 or 24 weeks, respectively. Fig 1A shows the group sizes, body weights, serum cho-
lesterol and triglyceride levels of all genotypes and of the various dietary groups. Body weights
and serum cholesterol levels of both C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- immunode-
ficient strains were significantly increased compared to C-Ldlr-/- controls (p<0.01), respec-
tively, except for cholesterol levels of C-Ldlr-/- Rag1-/- double mutants after 12 weeks on the
WTD. Moreover, cholesterol levels of C-Ldlr-/- Rag1-/- Il2rg-/- triple mutants were higher than
those of C-Ldlr-/- Rag1-/- double mutants after 24 weeks on the WTD (p<0.05). Serum triglyc-
eride levels of both C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- immunodeficient strains were
significantly increased compared to C-Ldlr-/- controls after 12 weeks on the WTD (p<0.01 and

Fig 1. Lipid and Lipoprotein analysis of murine sera. A,Group size (n), body weights,serum cholesterol and serum triglyceride
concentrations of C-Ldlr-/- controls, C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/-mice after 12 and 24 weeks (w) on the WTD, respectively.
Data are presented as means ± standard deviations. *, ** indicate statistically significant differences (*p < 0.05, ** p<0.01).B, Agarose gel
electrophoresis of serum lipoproteins (left panel). Serum (2 μL) was electrophoresed on a 1% agarose gel and stained for neutral lipids (α-
and ß-migrating lipoproteins) with Fat Red 7B. Representative lipoprotein profiles (right panel). Pooled plasma (n = 6) collected frommice
fed aWTD for 12 weeks was used and analyzed by FPLC as described in the Materials and Methods.

doi:10.1371/journal.pone.0157311.g001
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p<0.05, respectively). However, there, were no significant differences in triglyceride levels after
24 weeks on the WTD.

To analyze the effect of immunodeficiency on lipoproteins, serum lipoprotein profiles were
examined by both agarose gel electrophoresis followed by staining with Fat Red 7B after (Fig
1B, left panel) and FPLC (Fig 1B, right panel). It appears that apoB-containing particles (chylo-
microns, VLDLs and LDLs) were increased in triple mutant mice but HDL contents were
unchanged compared with other two groups.

Atherosclerosis Lesion Development
Mice were sacrificed after 12 or 24 weeks on the WTD. We first evaluated whether atheroscle-
rotic lesion development could be observed in mice on the BALB/c background (Fig 2A, left
panel). As expected, quantification of the plaque areas (median/interquartile range) of the aor-
tic sinus revealed significant more lesion development in B6-Ldlr-/- mice (12 weeks: 230343/
184909, 24 weeks: 702682/217326 μm2) compared to C-Ldlr-/- mice (12 weeks: 9195/16769, 24
weeks: 40206/32221 μm2). Of note, however, there was sufficient lesion development in
C-Ldlr-/- mice after both 12 and 24 weeks on the WTD.

Next, we compared the two immunodeficient strains with the C-Ldlr-/- controls. As demon-
strated in the right panel of Fig 2A and in the lower panels of Fig 2B, substantial lesions devel-
oped in the aortic sinus area of all animals and the lesions increased in size with time. There
were no quantitative differences between the cohorts after 12 weeks on the WTD. Quantifica-
tion of the plaque areas (median/interquartile range) of the aortic sinus after 24 weeks on the
WTD, however, revealed that C-Ldlr-/- Rag1-/- (55916/53488 μm2) and C-Ldlr-/- Rag1-/- Il2rg-/-

(44522/34736 μm2) immunodeficent mice developed significantly more atherosclerosis com-
pared to C-Ldlr-/- controls (25285/24975 μm2, p<0,01, Fig 2A, right panel). Representative
photomicrographs of the atherosclerotic lesions observed are shown in Fig 2B.

Phenotype Analysis of Atherosclerotic Lesions
Since immunodeficiency obviously influenced atherosclerosis lesion progression in BALB/c
mice, we next compared lesion composition (percent of macrophages, SMCs, number of T-
and NK cells, and collagen per aortic sinus area) in the immunodeficient mutants and C-Ldlr-/-

controls. However, due to extreme outliers and high interindividual variations at this early
time point, we abstained from further phenotype analysis of atherosclerotic lesions at 12 weeks
and confined to phenotype analysis after 24 weeks on the WTD (Figs 3 and 4). The macro-
phage and SMC cellularity as well as collagen content were not significantly different between
C-Ldlr-/- Rag1-/- double mutants and C-Ldlr-/- controls (Fig 3A). Interestingly, increased ath-
erosclerotic lesion development in C-Ldlr-/- Rag1-/- Il2rg-/- triple mutants was associated with
significantly more macrophages (53,6/22,3%, Fig 3A, left panel), significantly less SMCs (8,5/
5,3%, p<0.01, Fig 3A, middle panel) without significantly differences in collagen (1,6/1,9%, Fig
3A, right panel) as compared to both C-Ldlr-/- wild type (macrophages 23,6/18,4%, p<0.01;
SMCs 16,5/4,7%, p<0.01; collagen 1,3/1,0%) and C-Ldlr-/- Rag1-/- double mutants (macro-
phages 22,1/14,6%, p<0.01; SMCs 17,4/9,6%, p<0.01; collagen 2,5/2,1%) suggesting a plaque
destabilizing effect of immunodeficiency. These differences, however, were not attributable to
different proliferation and /or apoptosis as determined by immunohistochemistry (Fig 4A).
Likewise, VCAM-1, a member of the adhesion molecule superfamily, was not expressed differ-
entially in the three animal groups (Fig 4B).

To evaluate the potential role of T and NK cells, the lesional cellularity of CD2+ (surface
antigen of the T lymphocyte lineage, not shown), CD56+ (expressed on NK cells and a subset
of T cells) and CD57+ (expressed on a subset of NK cells and a subset of T lymphocytes) cells
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Fig 2. Atherosclerotic lesion development. A,Quantification of cross-sections of the aortic sinus area of B6-Ldlr-/- and C-Ldlr-/-

mice (left panel), C-Ldlr-/-, C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- mice (right panel) after 12 weeks (12 w), and 24 weeks (24
w) on theWTD, respectively. Lesion plaque areas were presented as boxplots with median, interquartile range, minimum, and
maximum. *, ** indicate statistically significant differences (* p < 0.05, ** p<0.01), n. s. = not significant. B, Representative
specimens of the aortic sinus area of C-Ldlr-/- (upper left panel), B6-Ldlr-/- (upper right panel), C-Ldlr-/- Rag1-/- (lower left panel)
and C-Ldlr-/- Rag1-/- Il2rg-/- (lower right panel) mice after 24 weeks on theWTD (trichrome staining).

doi:10.1371/journal.pone.0157311.g002
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Fig 3. Phenotypic analysis of atherosclerotic lesions. A, Analysis of atherosclerotic lesions after 24 weeks (24 w) on the WTD.
Atherosclerotic lesions of the aortic sinus of C-Ldlr-/- controls, C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- mice were quantified for
macrophages (left panel), SMCs (middle panel), and collagen (right panel). Percent-positive area for macrophages, SMCs, and collagen
was quantified by Photoshop-based image analysis. Data are presented as boxplots with median, interquartile range, minimum, and
maximum.B, Representative examples of atherosclerotic lesion composition after 24 weeks on the WTD. Atherosclerotic lesions of the
aortic sinus of C-Ldlr-/- controls, C-Ldlr-/- Rag1-/- and C-Ldlr-/- Rag1-/- Il2rg-/- mice were stained with rat anti-mouse F4/80 mAb (left panels) for
quantification of macrophages, mouse anti-smooth muscle α-actin (middle panels) for quantification of SMCs, and picrosirius red with
subsequent polarization (right panels) for quantification of collagen. The vessel lumen is to the upper left corner. The demarcation between
intima and media is indicated by arrowheads. Note that the adventitial tissue (*) also polarizes after picrosirius red staining (internal positive
control).

doi:10.1371/journal.pone.0157311.g003
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Fig 4. Proliferation, apoptosis and VCAM-1 expression in atherosclerotic lesions. A, Proliferation and apoptosis. Left
panels, Representative immunohistochemical staining with rabbit polyclonal antibodies against geminin (upper panel) or cleaved
caspase 3 (lower panel) in atherosclerotic lesions of the aortic sinus. The aortic lumen is to the upper left corner. Right panels, The
number of positively stained cells per atherosclerotic lesion area (mm2) was determined for both geminin (upper panel) and
cleaved caspase 3 (lower panel). Note high interindividual variations without any significant differences between the different
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was investigated (Fig 5). However, on average, there were only insignificant numbers or no
cells except for three mice with higher numbers of CD57+ cells (Fig 5B). Basically, Nk cells
were not detectable in both double and triple mutants (Fig 5A, inserts).

Discussion
In the present study, a combined B and T cell immunodeficiency with or without a complete
lack of natural killer cells in Th2-prone C-Ldlr knockout mice significantly accelerates athero-
sclerotic lesion progression after 24 weeks on a WTD. Furthermore, a combined B and T cell
immunodeficiency with a complete lack of natural killer cells has the potential to change ath-
erosclerotic cellularity with more macrophages and fewer SMCs. Strikingly, these effects were
accompanied by significantly higher body weights as well as serum cholesterol and triglyceride
levels in the immunodeficient mice of both strains. Increased serum lipids were found to be
caused by elevated apoB-containing lipoproteins such as VLDLs and LDLs as shown in FPLC
results. It is currently unknown; however, how immunodeficiency affects lipoprotein metabo-
lism such as increased production of VLDL particles or delayed catabolism of these particles in
the liver. In spite of this, immunodeficiency did not influence systemic cytokine levels.

At a first glance, these results appear to be contradictory to several previous studies investi-
gating the impact of immunodeficiency on atherogenesis [2–4]. An alternate point of view,

mouse strains. B, VCAM-1 expression. Representative immunohistochemical staining with rabbit monoclonal antibody against
VCAM-1 in atherosclerotic lesions of the aortic sinus. Note VCAM-1 expression in endothelial cells with no significant differences
between the three animal groups. The aortic lumen is to the upper left corner.

doi:10.1371/journal.pone.0157311.g004

Fig 5. NK and NKT cells in atherosclerotic lesions and spleens of C-Ldlr-/- control mice.Representative immunohistochemical staining
with a rabbit polyclonal antibody against CD56 (Proteintech, Manchester, UK) (upper panels) or CD57 (Acris Antibodies, Hiddenhausen,
Germany) (lower panels) of an atherosclerotic lesion located in the aortic sinus (left) and the spleen as a positive control (right) (A). Note that
Nk cells were detectable neither in double nor in triple mutants (inserts). The number of positively stained cells (asterisks) per atherosclerotic
lesion area (mm2) was determined (B). The aortic lumen is to the upper left corner.

doi:10.1371/journal.pone.0157311.g005
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however, modifies this first impression and points to some new interesting issues concerning
immunodeficiency and atherogenesis. First of all, the significantly higher serum cholesterol and
triglyceride levels in the immunodeficient mice of both strains are striking. These differences
may be attributed, at least in part, to the BALB/c background. Besides C57BL/6 mice, BALB/c
mice are widely used throughout biomedical research with a high susceptibility to atherogenesis
following a high fat diet. Thus, depletion of NKT cells resulted in an obese phenotype with insu-
lin resistance, glucose intolerance, body weight gain and lipid accumulation [27]. Another study
showed increased triglyceride content, liver injury and inflammation upon Type I NKT deple-
tion [28]. It has previously been demonstrated that thymic NKT cells of BALB/c mice express
higher levels of IL-4, which has been linked to increased protection from metabolic dysregula-
tion compared to C57BL/6 mice [29]. Given the different Th1/Th2 balance of C57BL/6 and
BALB/c mice, the loss of IL-4 may lead to a more severe phenotype in the latter. Preliminary
results of cytokine analyses in the murine sera, however, suggest that the proposed cytokine
effects are mediated locally rather than systemically, e. g. by adipose-derived NKT cells [30].

Quite similar observations have been also made on the C57BL/6 background. Thus, adipose
tissue invariant NKT cells protected against diet-induced obesity and metabolic disorder
through regulatory cytokine production [30]. In another previous study investigating the role of
NKT cells in an adoptive transfer model of atherosclerosis using immunodeficient, atherosclero-
sis-susceptible B6-Rag1-/- Ldlr-/- mice as recipients, significantly higher plasma total cholesterol
and triglyceride levels were observed in the recipients of B6-CD1d-/- splenocytes compared with
the recipients of B6 splenocytes at the terminal 12-week time point [10]. Furthermore, it cannot
be excluded that a lack of NK cells directly raises serum lipoproteins as the latter have been
shown to be internalized by NK cells through specific LDL-receptor mediated uptake [31–33].

The significantly higher body weights and serum cholesterol levels in the immunodeficient
mice of both strains may underlie the accelerated atherosclerotic lesion progression. Another
impact may be attributed to the B cell immunodeficiency, as innate B-1 cells have been demon-
strated to play a protective role in atherogenesis both in Apoe- [5,34] and Ldlr-deficient [6]
mice through the secretion of naturally occurring antibodies.

Of course, T cells also play a role in atherogenesis. An earlier study using a class I MHC defi-
cient C57BL/6J strain has already shown that a lack of suppressor T cells was associated with an
increase in lesion formation [35]. Since then, a plethora of studies provided dual roles for T
lymphocytes in both suppressing and promoting atherosclerosis depending on different Th-cell
polarization (Th1, Th2, Th17, and Treg), predictive for the specific type of immune response
[11]. A matter of particular interest is the recent observation that depletion of FOXP3+ regula-
tory T cells promotes hypercholesterolemia and atherosclerosis in Ldlr-/- deficient mice [36]. As
our animal models orchestrate several of these possible mechanisms simultaneously, it is diffi-
cult to address causality for the unexpected altered lipoprotein levels. This should be subject to
more sophisticated adoptive transfer animal models.

As we have demonstrated, the modulating effect of the C-Ldlr-/- Rag1-/- Il2rg-/- triple
mutants on atherosclerotic cellularity with more macrophages and fewer SMCs was neither
attributable to different proliferation and/or apoptosis nor to different adhesion capacities of
the endothelium mediated by different VCAM-1 expression. Rather, this phenomenon argues
for a more sophisticated view of the impact of NK cells on atherogenesis. Schulz et al. showed
in their recent publication that NK cell cytotoxicity against autologous macrophages remains
elevated if cultured with IL-10 [37]. The authors suggest that NK cells can delete macrophages
and potentially other immature APC under inflammatory conditions that could be a possible
mechanism of macrophage increase in triple KO atherosclerotic lesions. Compared to control
and double KO mice (24 weeks on WTD), triple KO mice obviously developed atherosclerotic
lesions with morphological features of fatty streak-like lesions. These types of early lesions do

Immunodeficiency and Atherosclerosis in BALB/c Mice

PLOS ONE | DOI:10.1371/journal.pone.0157311 August 26, 2016 11 / 14



not develop fibrous caps and always have a very high presentation of macrophages. If so, lack
of NK cells in triple KO mice leads to slowing down atherogenesis, development of fatty
streak-like lesions, and as a result—increase of macrophage content in this experimental group
consistent with the observation that lesion area of double and triple mutants is not vastly differ-
ent (Fig 2A) as against macrophage cellularity (Fig 3A). Accordingly, NK cells have been
shown to promote atherosclerotic lesion development in Ldlr-/- and Apoe-/- mice, respectively
[38,39]. Whatever the precise mechanisms are, it seems unlikely that this modulating effect can
be attributed to NK cells within the atherosclerotic lesions as we found only very limited num-
bers of NK and NKT cells in the Ldlr-/- control mice using two different antibodies (CD56,
CD57). Rather, systemic effects such as the impact of the total NK and NKT cell pool on lipo-
protein metabolism (see above) should be considered.

It is now widely accepted that immune cells play an important role in atherogenesis. Collec-
tively, the present study reveals a previously unappreciated complexity with regard to the
impact of lymphocytes on lipoprotein metabolism on the one hand and the role of certain lym-
phocyte subsets in plaque composition on the other hand. This complexity may be attributed,
at least in part, to the Th2-prone BALB/c background. BALB/c mice homozygous for targeted
immunological mutations like Rag1-knockout, Rag2-knockout and the Il2rg-knockout are
suitable recipients for human hematopoetic stem cells and therefore the study of atherosclero-
sis in humanized mice.
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