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Potentially, cellular iron regulates functional plasticity in macrophages yet; interaction of functionally
polarized macrophages with iron-oxide nanoparticles has never been studied. We found that monocyte
differentiation alters cellular ferritin and cathepsin L levels and induces functional polarization in mac-
rophages. Iron in super paramagnetic iron-oxide nanoparticle (SPION) induces a phenotypic shift in
THP1 derived M2 macrophages towards a high CD86+ and high TNF a+ macrophage subtype. This
phenotypic shift was accompanied by up-regulated intracellular levels of ferritin and cathepsin L in
M2 macrophages, which is a characteristic hallmark of M1 macrophages. Atherogenic oxysterols reduce
phagocytic activity in macrophage subtypes, and thus these cells may escape detection by iron-oxide
nanoparticles (INPs) in-vivo.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Macrophages are a highly plastic cell type, which display func-
tional plasticity in atherosclerotic plaques. Both pro-inflammatory
(M1) and anti-inflammatory (M2) macrophage subtypes are pres-
ent in atherosclerotic lesions [1,2]. It is suggested that iron regulate
functional plasticity in macrophages [3,4]. M2 macrophages are
distinctively characterized by an iron release with high expression
of ferroportin [3,5,6]. In contrast, M1 macrophages hold intracellu-
lar iron and are distinctively characterized by high ferritin levels
[3,5,6]. In addition, the concentration of iron in atherosclerotic
plaques exceeds that found in healthy arterial tissue [7]. Reduction
and removal of stored iron by systemic iron chelation or dietary
iron restrictions has been shown to reduce lesion size and in-
creased plaque stability in animal studies [8,9]. These findings
illustrate the importance of critical iron balance in atherosclerotic
plaques.

Interestingly, magnetic resonance imaging (MRI) by intracellu-
lar iron-oxide nanoparticles (INPs) have grown as an imaging
modality with reports suggesting potential clinical usage of super
paramagnetic iron-oxide nanoparticle (SPION) for atherosclerotic
plaque imaging [10–15]. Upon administration SPION are primarily
ingested by macrophages and are gradually degraded in the lyso-
somes [14,16] resulting in iron accumulation [14]. SPION used in
this study is Resovist™, which is composed of a Fe3O4 (magnetite)
and Fe2O3 (maghemite) core, and coated by carboxy-dextran [17].
This coating increases the uptake of SPION by macrophages.
Although, dextran coated SPION are well tolerated by the cells,
the uncoated INPs have been shown to induce cytotoxicity [18].
Nevertheless, current knowledge about biological effects of both
coated and uncoated INPs is limited, and their interaction with
macrophage subtypes is unknown.

7-Oxysterols primarily 7b-hydroxycholesterol (7bOH) and
7keto-cholesterol (7keto) are the common cytotoxic components
that accumulate in atherosclerotic lesions and found in macro-
phages [19,20]. These macrophages are an important target for
atherosclerotic plaque imaging. However, interaction of INPs with
such macrophages is not yet scrutinized.

In this study, we first questioned whether differentiation of mon-
ocytesby human immunoglobulin G (hIgG) or Phorbol 12- myristate
13- acetate (PMA) induces functional polarization in macrophages
and whether the levels of iron-related proteins in macrophages
distinguish macrophage subtypes. We also aimed to examine the
interaction of INPs with functionally polarized macrophages. We
further examined the interaction of INPs with macrophage subtypes
exposed or unexposed to atheroma relevant oxysterols.

2. Materials and methods

2.1. Cell culture

Human blood monocytes were isolated from buffy coats by
density gradient centrifugation using Optiprep™ [21]. To induce
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differentiation, the monocytes were plated on 16 mg/mL hIgG
coated air-dried glass coverslips in petri dishes.

THP1 monocytes were treated with 300 nM PMA for 24 h, to
generate THP1 macrophages. PMA-treated THP1 monocytes differ-
entiate into M2 macrophages [22,23] and thus regarded as THP1
PMA M2 macrophages in our study.

PMA-treated THP1 monocytes were further exposed to
interferon-gamma (IFN-c) and lipopolysaccharide (LPS) or inter-
leukin-4 (IL-4) and interleukin-13 (IL-13) to generate THP1 M1
or THP1 M2 macrophages [23–26] by following a standardized
protocol from a well cited study [23].
2.2. Measurement of cell viability

Macrophages were treated with indicated concentrations of
uncoated INPs for 24 h. The cell viability was examined by mor-
phological assessment of trypan blue stained cells by microscopy.
2.3. Iron-oxide uptake

HMDMs or THP1 PMA M2 macrophages were either pre-treated
or not with 28 lM 7bOH or 7keto (Sigma–Aldrich, MO, USA) for 1
or 24 h, respectively, followed by exposure to 10 or 20 lg Fe/mL
SPION (Resovist™ Bayer Schering Pharma, Berlin, Germany) or
20 lg Fe2O3 or 20 lg Fe3O4 (Sigma–Aldrich, MO, USA) for 24 h.
Intracellular iron-oxide was localized by Perl’s Prussian blue
staining.
2.4. Phagocytic activity

Phagocytic activity was measured by assay of dextran up-take
(FITC conjugated dextran, FD40, molecular weight 40,000;
Sigma–Aldrich, MO, USA) [27,28] and yeast up-take assay (FITC
conjugated yeast).
2.5. Immunocytochemistry

Human monocyte derived macrophages (HMDMs), THP1 M1,
and THP1 M2 macrophages were either un-treated (controls) or
treated with indicated concentrations of SPION or Fe2O3, or Fe3O4

for 24 or 48 h. Following treatment the cells were collected, immu-
no-stained for CD68, CD86, CD163, TNF a, ferritin, or cathepsin L
and analyzed by flow-cytometry or fluorescence microscopy (see
Supplemental for detailed methods).
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Fig. 1. Monocyte differentiation induced by PMA or hIgG results in differential polarizati
Mon) and human blood monocytes by PMA and hIgG, respectively. Cellular CD163 w
fluorescence microscopy (B) following immuno-staining. (A) PMA stimulation induces M
marker) compared to monocytes. Data are means ± SEM, n = 6. ⁄p < 0.05 versus THP1
characterized as a distinct macrophage subset with CD68 and CD86 immuno-positivity bu
fluorescence (lower panel) in (B) represents corresponding nuclear staining by DAPI. (For
the web version of this article.)
2.6. Statistical analysis

For statistical analysis, unpaired student’s t test or one-way
ANOVA followed by Newman–Keuls post hoc test was performed.
Results are given, as means ± SEM. To study correlation, spearman
correlation coefficient test and linear regression test was used. A p-
value of 60.05 was considered statistically significant.
3. Results

3.1. Monocyte differentiation induces functional plasticity in
macrophages accompanied by simultaneous increases in ferritin and
cathepsin L

We found that induction of differentiation in monocytes in-
duces functional polarization in both THP1 macrophages and
HMDMs. Although, it is known that PMA induced differentiation
in THP1 monocytes induces a M2 macrophage subtype secreting
anti-inflammatory cytokines [23], we further validated this result
in our study. We found PMA stimulation induced M2 macrophages
(THP1 PMA M2) characterized by up-regulation of endogenous
CD163 levels (Fig. 1A). Functional polarization in hIgG induced
HMDMs was also examined. We found that hIgG stimulation in-
duced functional polarization in HMDMs characterized by CD68
(pan macrophage marker) and CD86 (M1 macrophage marker)
immuno-positivity (Fig. 1B). Additionally, these macrophages did
not express CD163 (M2 macrophage marker) as confirmed by fluo-
rescence microscopy.

Functional polarization in macrophages affects expression pro-
file of genes involved in iron metabolism [29]. Cellular iron level is
regulated by ferritin, and it is known that lysosomal cathepsins are
pivotal to ferritin degradation [28,30]. We found up-regulated lev-
els of ferritin (Fig. 2A) and cathepsin L (Fig. 2B) in THP1 PMA M2
macrophages in comparison to THP1 monocytes (THP1 Mon).

3.2. Macrophage subtypes have differential levels of cathepsin L and
ferritin

We followed an established protocol [23] to raise M1 and M2
macrophages from THP1 cells. Exposure to LPS and IFN-c induced
typical M1 macrophages (THP1 M1) which express high levels of
co-stimulatory factor CD86 (Fig. 3A). On the other hand, exposure
to IL-4 and IL-10 induced M2 macrophages (THP1 M2) character-
ized by expression of scavenger receptor CD163 (Fig. 3B). However,
there were no significant differences in CD163 levels between PMA
CD86  CD163  CD68  
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on in macrophages. (A and B) Differentiation was induced in THP1 monocytes (THP1
as evaluated by flow-cytometry (A), CD86 and CD68 levels were evaluated by
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Fig. 2. Monocyte differentiation leads to significant increases in ferritin and cathepsin L in THP1 macrophages. (A and B) PMA induced differentiation elevates cellular ferritin
and cathepsin L levels. THP1 macrophages (THP1 PMA M2) hold significantly higher levels of ferritin (A) and cathepsin L (B) in comparison to THP1 monocytes analyzed by
flow-cytometry following immuno-staining. Data are means ± SEM, n = 6. ⁄⁄⁄p < 0.001 versus THP1 Mon.
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Fig. 3. M1 macrophages hold higher endogenous levels of ferritin and cathepsin L in comparison to M2 macrophages. THP1 macrophages were exposed to IFN-c and LPS to
induce M1 macrophages (THP1 M1) or IL-4 and IL-13 to induce M2 macrophages (THP1 M2). (A and B) CD86 and CD163 levels were evaluated by flow-cytometry following
immuno-staining to confirm induction of functional polarization. (A) IFN-c and LPS exposure polarizes THP1 macrophages to typical M1 macrophages exhibiting significantly
higher levels of CD86. Data are means ± SEM, n = 6. ⁄⁄p < 0.01 versus THP1 PMA M2. (B) Whereas, THP1 macrophages exposed to IL-4 and IL-13 exhibit only slight increases in
the levels of CD163. Cellular ferritin and cathepsin L were evaluated by flow-cytometry following immuno-staining in both macrophage subtypes. (C and D) M1 macrophages
hold significantly higher levels of ferritin and cathepsin L. Data are means ± SEM, n = 6. ⁄⁄⁄p < 0.001 versus THP1 M2. (E) Correlations between levels of ferritin and cathepsin L
in M1 macrophages (r = 0.69; p < 0.01 as analyzed by spearman correlation test and r2 = 0.4816; p < 0.05 as assayed by linear regression test.
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induced THP1 macrophages (THP1 PMA M2) and macrophages
further treated with IL-4 and IL-10 (THP1 M2). We next examined
the levels of ferritin and cathepsin L in these macrophages. We
found that, THP1 M1 macrophages hold significantly higher levels
of ferritin (Fig. 3C) and cathepsin L (Fig. 3D) in comparison of THP1
M2 macrophages. Interestingly, a simultaneous increase in the
levels of ferritin and cathepsin L was observed in macrophages,
as depicted in the correlation curve in Fig. 3E.
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3.3. SPION primes THP1 M2 macrophages towards a high CD86+ and
high TNF a+ macrophage subtype

To examine M1 and M2 macrophage response towards alteration
in cellular iron levels, we exposed the cells to 20 lg Fe/ml SPION or
100 lM ferric ammonium citrate (FeAC). We found that SPION or
FeAC loading induces a phenotypic shift of THP1 M2 macrophages.
SPION loading elevates CD86 and TNF a levels in THP1 M2 macro-
phages (Fig. 4A and B), indicating a shift towards M1 subtype.

Levels of iron-related proteins among macrophage subtypes
might be important to sustain a polarized state. To verify this
hypothesis in our model, we examined the levels of ferritin and
cathepsin L in macrophage subtypes exposed to SPION or FeAC. We
found that SPION significantly up-regulates cathepsin L and ferritin
levels in both macrophage subtypes (Fig. 4C and D). FeAC induced
highest levels of ferritin in both macrophage subtypes (Fig. 4D).

3.4. Iron in SPION elevates levels of ferritin and cathepsin L in M1
HMDMs

To compare the results from cell line with primary cells,
HMDMs were exposed to different concentrations of SPION and
levels of ferritin and cathepsin L were determined. As shown in
Supplementary Figure 1, we found that SPION induces significant
dose dependent increases in ferritin (left panel) and cathepsin L
(right panel) levels in these macrophages. Furthermore, pre-expo-
sure to desferrioxamine (DFO) diminished SPION induced ferritin
and cathepsin L in these macrophages (representative fluorescence
microscopy photographs), which ascertains the role of iron during
the process.

3.5. Oxysterol exposure reduces phagocytic activity in macrophage
subtypes

Macrophages in plaque microenvironment display functional
plasticity. When these macrophages are exposed to cytotoxic
Fig. 4. SPION induces a phenotypic shift in THP1 M2 macrophages towards M1 subtype
THP1 M2 macrophages were exposed to 20 lg Fe/mL super paramagnetic iron-oxide nan
by flow-cytometry following immuno-staining of CD86 (A), TNF a (B), cathepsin L (C) or f
(B) in THP1 M2 macrophages. Data are normalized to their respective controls and are m
controls. (C and D) SPION significantly raises cellular levels of cathepsin L (C) and ferri
ferritin in M1 macrophages (D). Data are normalized to their respective controls and
macrophage subtypes. ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, and ###p < 0.001 versus respective percen
oxysterols, they subsequently transform into foam cells. Reactivity
of these cells towards INPs has not been yet investigated. We found
that oxysterol exposure reduces phagocytic activity in macrophage
subtypes. Pre-treating M1 HMDMs and THP1 PMA M2 macro-
phages with atheroma relevant oxysterols and then exposure to
SPION resulted in a significant decrease in numbers of Perls‘-posi-
tive cells (Supplementary Figure 2A, B) indicating a reduced uptake
of SPION by these macrophages. Additionally, we found that mac-
rophage subtypes exposed to oxysterols have a reduced phagocytic
activity as determined by FITC-yeast assay. In comparison to unex-
posed cells (control), a significantly low uptake of FITC-yeast was
observed in macrophages exposed to oxysterols (Supplementary
Figure 2C, D).
3.6. Surface coating determines uptake, intracellular metabolism, or
cytotoxicity of INPs

Carboxy-dextran coating in SPION enhances its uptake by mac-
rophages. The dextran coating is degraded in their lysosomes and
SPION releases its iron contents, which are Fe2O3 and Fe3O4.
Despite such dramatic increases in cellular iron levels upon SPION
loading, no effect on cell viability was observed [28]. To examine
whether surface coating affects the macrophage response, we ex-
posed the cells to SPION or uncoated INPs. We found that exposure
to uncoated INPs (Fe2O3 and Fe3O4) at the indicated concentrations
induced dose dependent cell death in macrophages as analyzed by
cell counting following trypan blue staining (Supplementary
Figure 3A).

We next questioned whether intracellular iron levels were
responsible for the observed cytotoxicity. We found that at similar
loading concentrations, there was a differential uptake of coated
and uncoated INPs. As shown in Supplementary Figure 3B, intracel-
lular iron levels (blue precipitate) in cells exposed to Fe2O3 or
Fe3O4 was very low compared to greatly elevated iron levels in
cells exposed to SPION.
characterized by high levels of CD86, TNF a, ferritin and cathepsin L. THP1 M1 and
oparticles (SPION) or 100 lM ferric ammonium citrate (FeAC) for 24 h and analyzed
erritin (D). (A and B) SPION and FeAC significantly raise levels of CD86 (A) and TNF a
eans ± SEM, n = 4. ⁄p < 0.05 and ⁄⁄⁄p < 0.001 versus respective percentage untreated

tin (D) in both macrophage subtypes. Additionally, SPION induced higher levels of
are means ± SEM, n = 6–8. Note: FeAC induced highest levels of ferritin in both

tage untreated controls.
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We next evaluated the impact of uncoated INPs on cell func-
tions by focusing on phagocytic activity and cellular oxidative
stress. We found, uncoated INPs did not alter cellular reactive
oxygen species levels as analyzed by DHE staining (data not
shown). However, uncoated INPs affected phagocytic activity in
macrophages. Cells exposed to Fe2O3 and Fe3O4 showed a reduced
phagocytic activity compared to cells exposed or unexposed to
SPION as analyzed by FITC-yeast assay. As shown in Supplemen-
tary Figure 3C, amounts of intracellular FITC-yeast (green) is fairly
low in cells exposed to uncoated INPs in comparison cells exposed
to SPION.
4. Discussion

INPs are unceasingly developed to target macrophages in ath-
erosclerotic plaques, yet their interaction with macrophage sub-
types has never been studied. In this study, we first characterized
macrophage subtypes derived from differential monocyte differen-
tiation. hIgG stimulation induced HMDMs were characterized as a
distinct phenotype (CD68+/CD86+/CD163� HMDMs). Whereas
PMA induced THP1 macrophages were confirmed as M2 macro-
phages [23] with high levels of CD163. THP1 M1 macrophages hold
higher levels of ferritin and cathepsin L in comparison to THP1 M2
macrophages. We then studied the effects of INPs on these macro-
phages. Iron in SPION induced a phenotypic shift in M2 macro-
phages towards a high CD86+ and high TNF a+ macrophage
subtype which was accompanied by increases in cellular levels of
ferritin and cathepsin L.

Differentiation in monocytes induces functional polarization in
acquired macrophages. This notion is supported by our results
where HMDMs induced by hIgG were characterized as a distinct
phenotype (CD68+/CD86+/CD163� HMDMs). However, we do
not exclude the possibility that both macrophages and dendritic
cells may be differentiated from human blood monocytes depend-
ing on culture conditions. Thus, these macrophages have to be fur-
ther characterized based upon their cytokine secretion response to
verify our results. In addition, it is established that PMA induced
THP1 macrophages are M2 macrophages, which secrete anti-
inflammatory cytokines [23]. PMA induced THP1 macrophages
exhibit higher levels of CD163, which substantiate the results from
the above study.

Functional polarization in macrophages was accompanied by
an up-regulation in the endogenous levels of ferritin and cathepsin
L. Cathepsins are pivotal to ferritin degradation [28,30] and
cellular iron regulates the levels of ferritin and cathepsins [28].
In addition, inhibition of lysosomal cathepsins results in an
increase in endogenous ferritin, which is likely due to the preven-
tion of ferritin degradation [28]. Thus it is clear that lysosomal
cathepsins have a functional role in cellular ferritin metabolism,
which may reason their simultaneous increase with ferritin in
the macrophages.

Polarizing THP1 macrophages into distinct M1 and M2 subtypes
following an established protocol raised intracellular ferritin and
cathepsin L levels. However, significant differences were observed
in levels of cellular ferritin and cathepsin L between M1 and M2
macrophages. These results indicate that these iron-related pro-
teins in macrophages might be important to sustain functional
polarization and cellular levels of these iron-related proteins may
determine a macrophage phenotype. Thus, any alterations in cellu-
lar iron concentrations may affect macrophage phenotype and
intracellular iron accumulation by INPs proposed for atheroscle-
rotic plaque imaging is no exception. Macrophage subtypes uptake
INPs irrespective to presence or absence of a surface coating on
INPs, which results in an increase of intracellular iron. The amounts
of INPs taken up by macrophages were dependent on presence of a
surface coating. A reduced uptake of uncoated INPs and subse-
quent cell death may attribute to low intra-cellular iron levels in
macrophages exposed to uncoated INPs in comparison to macro-
phages exposed to SPION.

Iron in SPION significantly up-regulated ferritin and cathepsin
L in macrophages irrespective to their functional polarization.
However, SPION induced higher levels of ferritin in M1 macro-
phages. This difference in SPION induced ferritin levels in macro-
phages may be attributed to the fact that M1 macrophages
characteristically hold intracellular iron by up-regulating ferritin
levels [3,5,6]. Though, we found that iron in SPION is handled in a
similar fashion in M2 macrophages by up-regulating ferritin
levels, a characteristic iron release with high expression of ferro-
portin [3,5,6] may reason lower levels of SPION induced ferritin in
M2 macrophages in comparison to M1 macrophages. While
SPION induced ferritin levels were higher in M1 macrophages,
SPION induced cathepsin L levels were comparable in both
macrophage subtypes which may infer to a higher degradation
of SPION induced ferritin in M2 macrophages. In contrast, loading
cells with uncoated INPs did not affect ferritin and cathepsin L
levels (data not shown), which may also be attributed to a re-
duced uptake of un-coated INPs by macrophages. Iron in SPION
also up-regulated CD86 and TNF a level with a simultaneous
increase in ferritin and cathepsin L levels in M2 macrophages.
These results indicate a phenotypic shift of M2 macrophages
towards a M1 macrophage subtype characterized by greater
ferritin and cathepsin L levels. This phenotypic shift can be detri-
mental in various immunological disorders and may aggravate
inflammation.

Clearance of debris, lipid, and apoptotic cells is one of the vital
functions of macrophages in atherosclerotic plaques [31,32]. Atten-
uation of phagocytic functions in these macrophages may enhance
the rate of plaque progression. We observed reduced uptake of
INPs by macrophages exposed to atheroma relevant oxysterols,
which can be directly attributed to reduction in their phagocytic
activity. Thus, SPION may be inefficient to target such macro-
phages in plaques. In addition, exposure to sub-lethal concentra-
tions of uncoated INPs reduces phagocytic activity in
macrophages. This reduction in phagocytic activity may be due
to apoptosis as indicated by cell shrinkage and condensation. These
results emphasize the necessity to develop INPs which can distinc-
tively identify such macrophages among other cells for effective
determination of plaque severity and vulnerability.

In conclusion, monocyte differentiation alters cellular ferritin
and cathepsin L levels and induces functional polarization in
macrophages. SPION, but not uncoated iron-oxide nanoparticles,
up-regulates ferritin and cathepsin L in macrophage subtypes. Iron
in SPION induces a phenotypic shift in M2 macrophages towards
M1 macrophage subtype characterized by up-regulated CD86,
TNF a, ferritin, and cathepsin L, which may be detrimental in pla-
que microenvironment. Oxysterols reduce phagocytic activity in
macrophage subtypes thus novel INPs should be developed to
target such macrophages.
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