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conditions and identified simple input-output rela-
tionships based on ligand/receptor and transcription/
anti-pathogen activities, respectively, by optimizing
the signaling flux with respect to the output flux.
This procedure significantly reduced the complexity
of the full network consisting of 752 distinct chem-
ical species and 909 reactions into 41 relationships
between 14 receptors and 6 outputs. They further sim-
plified the network by identifying redundant pathways
and identified eight critical biochemical reactions,
which specifically affect the pathways of reactive oxy-
gen species (ROS), IL-1-induced NF-kB activation and
MyD§8-mediated NF-kB/AP-1 activation. Because it
is not yet clear how analyses based on steady-state
behavior like FBA apply to the dynamics of TLR signal
transduction networks, it will be important to validate
such predictions experimentally. In addition, some of
the discussion in Ref 35 was apparently based on an
earlier misidentification of TLR2 as an LPS receptor,
which has been subsequently shown to be a result of
contamination. Thus, in spite of the great effort made
in curating the original network, this example indi-
cates that continuous collaboration between experts
in computational and immunology fields is very
important.

Combining Gene Expression and Regulatory
Sequence Motifs

While the above network models are based on known
components and topologies of TLR signal transduc-
tion, it is of great interest to infer the yet unknown
components and regulatory relationships by computa-
tional approaches. A strategy often used is to predict
shared regulatory motifs in the regulatory regions of
co-expressed genes (Box 2). Despite the apparent sim-
plicity of this approach, it is hampered in practice
by the low specificity and sensitivity of transcription
factor binding site (TFBS) prediction using position
weight matrices (PWMs)3¢ (see Box 1). Neverthe-
less, because experimental identification of regulatory
sites is expensive and labor intensive, computational
predictions are often used to provide a first hint or
hypothesis, which can subsequently be tested by wet
lab experiments. An example of one such study started
from sets of genes with similar expression profiles in
macrophages after TLR stimulation.?” The authors
next scanned promoter sequences of these genes with
a set of PWMs, and identified possible regulatory rela-
tionships between TFs and clusters of co-regulated
genes. These relationships were subsequently com-
bined with additional gene expression data in order
to predict causal relationships between regulators and
target genes. An important detail was their use of
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time-lagged correlation between the expression of TFs
and their candidate target genes, allowing for the
prediction of causal TF-target relationships. Among
the important genes they identified, known regulators,
such as NF-kB, interferon regulatory factors (IRFs),
and AP-1, were found as well as a previously
unidentified regulator, TGIF1.

Rather than attempting to explain the regula-
tion of transcription on a large scale, some studies
have performed detailed dissection of a small set of
genes or regulatory sites. In one such study, Leung
and coworkers focused on genes that are under the
regulation of two NF-kB binding sites.** They found
that in these genes both sites are required for the
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FIGURE 4| Levels of complexity in network inference. By integration of additional types of data with expression data, the inference of
increasingly complex networks becomes possible. Regulatory motif data can be used to add directionality to gene expression-based networks, while
increasing amounts of epigenetic data will in the near future allow us to construct genome-wide networks including distal regulatory enhancers as

well as traditional network components.

activity of the gene, and that swapping the sites alters
the NF-kB family members that bind to them. More
importantly, they found that the combination of the
two sites affects which coactivator binds to the bound
NF-kB dimer, and that even a single nucleotide within
the NF-kB site can change the cofactor specificity. In
another study, Giorgetti and colleagues showed that
clusters of NF-kB binding sites could be used in a non-
cooperative way to process increasing levels of NF-kB
into gradual increments of transcriptional response.*’
This result was in sharp contrast with the widely
accepted view that graded increases in TF concentra-
tion result—through cooperative binding—in a digital
transcription initiation signal. These two findings are
indicative of a wide variety of features that contribute
to different transcriptional responses.

Network Inference from Large-Scale
Perturbations

A number of studies have analyzed the activity of
transcriptional regulators by systematic perturba-
tion experiments. Recently, for example, Amit and
coworkers reconstructed the regulatory relationships
among transcripts whose expression levels depend

on TLR stimulation.*® They observed transcriptional
expression levels for 118 predetermined target genes 6
h after LPS stimulation in dendritic cells. The cells
were independently perturbed using small hairpin
RNA (shRNA) for 144 candidate regulators. The
resulting gene expression levels were used to define
statistically significant activating and repressing rela-
tionships between regulators and target genes. As a
result, they identified 1728 activations and 594 repres-
sions. Although their results likely contain a significant
number of indirect regulations, their study neverthe-
less quantified interactions between components in
the inflammatory and antiviral programs of dendritic
cells with unprecedented breadth. This is an example
where, in the case of DNA-binding proteins, sequence
analysis or ChIP-seq experiments, discussed below,
might help to distinguish between direct and indirect
interactions. Using a similar perturbation approach,
along with predicted TF activities, Suzuki and cowork-
ers examined 52 TFs in human myeloid leukaemia
cells.*” In these perturbation studies, genome-wide
data were first used to select a smaller set of represen-
tative genes. These representatives included candidate
regulators for perturbation experiments, and also a
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subset of genes for which expression changes will be
measured. Narrowing down the number of genes of
interest is an important step because it maximizes
the information obtained from a given experiment.
Although cell types and stimuli were different, the
results of both studies suggest that the gene expres-
sion in a single immune cell type is controlled by a
substantial number of core regulators and additional
fine-tuners.

Future Perspectives

Although most studies on the regulation of tran-
scription have focused on the roles of TFs and their
binding sites, additional levels of regulation exist, one
being the structural state of the chromatin (Figure 4).
Transcription can be regulated on an epigenetic level
by various mechanisms (see reviews 11, 48), and it
is likely that some TFs are associated with differ-
ent epigenetic changes. Importantly, it has become
clear that primary (or immediate-early) response
genes and secondary response genes in TLR signal-
ing differ fundamentally in their chromatin structure,
as well as their tendencies to have preassembled
RNA-polymerase II at their promoters, dependence
on chromatin remodeling for induction, and asso-
ciation with CpG islands.**=51 Although a number
of studies have elucidated interactions between TFs
and histone modifiers,’>™¢ in general, the causal
relationships between these features are still unclear.
Nevertheless, our current understanding suggests that
any approach aiming at modeling or explaining the
dynamics of gene expression during the immune
response should try to incorporate the fact that sev-
eral classes and subclasses of regulatory regions exist,
and that they are likely to be under the control
of fundamentally different regulatory mechanisms
(see review 48). ‘

Recent studies have attempted to combine chro-
matin structure and histone modification data with
the analysis of regulatory networks. In general, these
approaches aim to use epigenetic features as a mea-
sure of accessibility of DNA sequences or activity
of genes, and to use this as prior knowledge in the
discovery of regulatory motifs. One example is the
study by Ramsey et al.’” who focused specifically on
macrophages. After combining ChIP-seq data for a
number of TFs with histone acetylation (HAc) data,
the authors observed that TFBSs often occur within
local minima of HAc ChIP-seq signals within HAc-
rich regions. Based on this observation they defined a
‘valley score’ and they showed that the use of this score
in combination with PWM scores could improve TFBS

prediction accuracy. The improvement was variable
from TF to TF though, suggesting that depending on
the biological function of the TF, different epigenetic
features might lead to better predictions. Approaches
such as CENTIPEDE®® and simpler methods®® that
aim to computationally predict TF binding events
using a limited amount of experimental data yet with
an accuracy similar to that of ‘gold-standard’ ChIP-
seq experiments are therefore likely to continue to
play an important role in system-level analyses of
transcriptional regulation.

CONCLUSION

Computational modeling has played an important
role in the study of TLR signaling. Since many of its
components are shared between organisms as diverse
as mice, insects, and worms, sequence homology
has guided many pioncering experiments that have
revealed key biochemical functions in these path-
ways. Computational analysis of the macromolecular
structures along with site-directed mutagenesis has
provided insight into the mechanism of signaling
pathways in normal and diseased states. Accu-
rate mathematical modeling of signal transduction
dynamics is a challenging goal due to our incomplete
knowledge of the components and their interactions.
However, the general topology of the TLR signal-
ing network in mammals has been established. Gene
expression data in parallel with controlled perturba-
tions will enable current models to be continuously
refined. Extensions of these models wherein struc-
tural information is integrated with network-based
signaling models are expected to provide a more quan-
titative description of TLR signaling in the future. The
increasing number of public databases, such as the
innateDB,® ImmGen®! and Macrophages.com,? and
tools®>%* will enable further refinement by facilitat-
ing data sharing and interpretation, and establishing
standards. Finally, it must be acknowledged that
immunology is still very much an experimental disci-
pline. The emergence of new experimental techniques,
especially those that quantify gene and protein expres-
sion levels, as well as epigenetic and post-translational
modifications, is expected to add depth to our under-
standing. However, we are convinced that in order to
understand the immune response on a system’s level,
and the interactions between its various parts, the
future contribution of computational methodologies
will be invaluable. We believe that the studies we
have discussed above will be a foundation for future
developments.
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SUMMARY

Plasmodium parasites multiply within host erythro-
cytes, which contain high levels of iron, and parasite
egress from these cells results in iron release and
host anemia. Although Plasmodium requires host
iron for replication, how host iron homeostasis and
responses to these fluxes affect Plasmodium infec-
tion are incompletely understood. We determined
that Lipocalin 2 (Lcn2), a host protein that sequesters
iron, is abundantly secreted during human (P. vivax)
and mouse (P. yoeliiNL) blood-stage malaria infec-
tions and is essential to control P. yoeliiNL parasite-
mia, anemia, and host survival. During infection,
Lcn2 bolsters both host macrophage function and
granulocyte recruitment and limits reticulocytosis, or
the expansion of immature erythrocytes, which are
the preferred target cell of P. yoeliiNL. Additionally, a
chronic iron imbalance due to Lecn2 deficiency results
in impaired adaptive immune responses against
Plasmodium parasites. Thus, Lcn2 exerts antipara-
sitic effects by maintaining iron homeostasis and
promoting innate and adaptive immune responses.

INTRODUCTION

Iron is an essential nutrient required by all microbial organisms
for growth. Many pathogenic microorganisms possess the ability
to manipulate their host’s iron metabolism in order to acquire
sufficient iron for their own growth. Healthy mammals recycle
the majority (~95%) of serum iron that is released from the

destruction of aged erythrocytes. However, this fine balance is
often altered during microbial infection (Hentze et al., 2004; Nairz
et al., 2010; Wang and Pantopoulos, 2011). The immune
system’s response to infectious diseases in the context of iron
status is rather complex and poorly understood. For instance,
while iron deficiency has been reported to be a predictor of
increased susceptibility to many microbial infections (Oppen-
heimer, 2001), iron overload has been shown to exacerbate
several microbial diseases including tuberculosis and salmonel-
losis (Gangaidzo et al., 2001; Schaible and Kaufmann, 2004).

In the case of malaria, an iron supplementation trial in Tanzania
indicated that iron supplementation might increase the morbidity
and mortality of children suffering from malarial anemia (Sazawal
et al., 2006), while iron deficiency itself has been linked with
some degree of resistance to the disease (Matsuzaki-Moriya
et al., 2011; Nyakeriga et al., 2004). During their blood-stage
life cycle, Plasmodium parasites grow and multiply within eryth-
rocytes (an abundant source of iron-containing hemoglobin),
which are destroyed in large numbers during parasite egress.
This destruction of erythrocytes is associated with the release
of heme/iron (along parasite-derived factors) from the ruptured
cells. However, the interactions between Plasmodium parasites
and host iron status during malaria infection have not been
examined thoroughly (Prentice, 2008).

Very little is currently known about the parasite’s manipulation
of iron homeostasis during liver and blood stage malarial infec-
tion. Hepcidin, an iron-regulating small peptide mainly ex-
pressed in liver, has recently been reported to be important in
controlling the iron levels of the host during infection, thereby
changing iron availability for Plasmodium parasites (de Mast
et al., 2009; Portugal et al., 2011; Wang et al., 2011). Compelling
evidence suggests that there are yet other factors that influence
the ability of pathogens to acquire iron from their hosts. In bacte-
rial infections, bacterial siderophores (i.e., enterobactin) are used
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Figure 1. Plasmodium Infection Induces
Lipocalin 2 Secretion by Host

(A) Serum Lcn2 protein levels in P. vivax-infected
human serum were measured by ELISA. P. vivax-

s0o infected patients were divided into two groups
700 according to parasite densities in their blood;
E patients with parasite densities less than 1,000
500 5, parasites/ul (n = 15) and patients with heavy par-
300 £ asitemia (>1,000 parasites/pul of blood) (n = 54).
Gray lines show the mean Lcn2 levels of individ-

100 uals. *p < 0.01 by Mann-Whitney test.
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(B) Kinetics of parasite burden and serum Lcn2
levels of mice (BALB/c, n = 7) infected with 10°
PyNL-infected erythrocytes. Percent parasitemia
was assessed from blood smears. Serum Lcn2
protein levels were measured by ELISA. Data are
represented as mean = SD.
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(C) WT (BALB/c, n = 10) and Lcn2™"~ (n = 7) mice
were infected i.p. with 10% PyNL-infected eryth-
rocytes, and parasite levels were assessed at the
indicated time points. Data are represented as
mean + SD, *p < 0.05 and *p < 0.01 by Mann-
Whitney test. { indicates the time of death.

(D) Survival curves of WT (n =23)and Lcn2™/ (n =
24) mice after infection with 10° PyNL-infected
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erythrocytes. The survival was monitored daily.
**p = 0.0026, log-rank (Mantel-Cox) test.

(E) Serum ALT levels were measured and spleens
were weighed at the time of peak parasitemia on
day 13 after infection. Data are represented as
mean + SD, n = 3 per group, *p < 0.05 by Student’s
t test.

(F) Blood hemoglobin levels in WT and Lcn2™/
mice during infection were measured in fresh
blood taken every other day. Data are represented
as mean + SD, n = 6 per group, *p < 0.05 by Mann-
Whitney test. For (E) and (F), data are representa-
tive of at least two different experiments. See also
Table S1.
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to sequester iron from the host. In turn, the host releases a side-
rocalin, Len2, for the inhibition of siderophore-mediated iron
acquisition (Bachman et al., 2009; Bao et al., 2010; Flo et al.,
2004; Saiga et al., 2008). Lcn2 (also called siderocalin, neutrophil
gelatinase-associated lipocalin [NGAL], or 24p3) is a member of
the lipocalin family of soluble proteins and was originally identi-
fied as a constituent of specific granules found in human neutro-
phils (Kjeldsen et al., 1993). However, Lcn2 is a multifunctional
protein, which has been found to mediate several biological
processes, including delivery of iron and fatty acids as well as
induction of apoptosis (Chu et al., 1998; Yang and Moses,
2009). It has also been shown that Lcn2 expression can be
induced by oxidative stress, hypoxia, and anemia (Jiang et al.,
2008; Roudkenar et al., 2007). Furthermore, Lcn2 plays a role
in hematopoiesis where it inhibits hematopoietic erythroid and
monocyte/macrophage lineages and their differentiation both
in humans and mice (Miharada et al., 2005, 2008).

As we have previously demonstrated that Len2 is upregulated
during malaria infection in mice (Coban et al., 2007b), we hypoth-
esized that it may regulate the interactions between iron homeo-
stasis and the immune system during malaria infection. Our

results reveal that Len2 has a pivotal role in controlling parasite
levels as well as host innate and adaptive responses during
Plasmodium blood-stage malaria infections and that this role
may involve host iron status.

RESULTS

Lipocalin 2 Induced by Plasmodium Infection Helps

to Control Parasite Growth

To investigate the role of Lcn2 during malaria infection, we
measured the serum Lcn2 levels of P. vivax patients from south-
eastern Turkey, where persistent focal P. vivax malaria occurs.
Study participants (detailed patient information is published
elsewhere [Yildiz Zeyrek et al., 2011; Zeyrek et al., 2008] [Table
S1)) were divided into two groups according to the parasite
load in the blood, as determined by microscopy: patients with
fewer than 1,000 parasites/pl of blood (n = 15) and with more
than 1,000 parasites/ul of blood (n = 54). We observed signifi-
cantly higher Lcn2 levels with increasing parasite density (Fig-
ure 1A), which suggests that P. vivax infection stimulates Lcn2
production.
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Plasmodium yoelii nonlethal (PyNL) infection in mice has many
features in common with P. vivax infection in humans (Vigério
et al,, 2001). To evaluate whether an increase in parasitemia
also correlated with higher Len2 levels in PyNL-infected mice,
mice were injected with 10° PyNL-infected erythrocytes and fol-
lowed for up to 40 days for parasitemia (expressed as the
percentage of infected red blood cells [[RBCs] and serum Len?2
protein levels). As in the P. vivax malaria patients, Lcn2 sera
levels were found to increase with parasitemia during blood-
stage PyNL infection (Figure 1B). Next, Len2™~ mice were in-
fected and followed throughout the blood-stage course of infec-
tion. Infected Lcn2~'~ mice had significantly higher parasitemia
(Figure 1C) with reduced survival (Figure 1D, ™ p < 0.01)
compared to WT control mice. Because liver damage occurs
during malaria infection due to higher parasitemia (Haque
et al,, 2011; Seixas et al., 2009), hepatic function was evaluated
by measuring alanine transaminase (ALT) levels. Lcn2  mice
were shown to suffer from hepatic dysfunction (higher ALT
levels) compared to WT counterparts during peak parasitemia
(Figure 1E). Spleen size was significantly smaller in Lcn2™/"~
mice, suggesting impaired splenic responses (Martin-Jaular
et al., 2011; Yap and Stevenson, 1992) (Figure 1E). In addition,
the reduced hemoglobin levels in Lcn2™~ mice suggest that
these mice developed severe anemia during infection and had
difficulty recovering from it (Figure 1F). Combined, these data
from human and rodent Plasmodium infections suggest that
Lcn2 is secreted during blood-stage malaria infection and plays
a critical role in controlling parasite levels.

Granulocytes, but Not Macrophages, Are the Source of
Lipocalin 2 in the Liver and Spleen during PyNL Infection
To understand how Lcn2 controls parasite levels, we first
sought the source of Lcn2 during blood-stage PyNL infection.
Spleen and liver macrophages phagocytose and eliminate
Plasmodium-infected erythrocytes and their metabolites, and
the immune responses that occur in the liver and the spleen
are of critical importance during malaria infection (Dockrell
et al., 1980; Epiphanio et al,, 2008; Lau et al., 2001). Lcn2
mRNA transcripts were found to be continuously overex-
pressed in the livers of mice during the first 10 days of infec-
tion, but lowered immediately following peak parasitemia
(Figure 2A). In contrast, expression of Len2 in the spleen signif-
icantly increased during parasite clearance and was sustained
for a considerable period (up to 30 days after infection) (Fig-
ure 2A). To determine which cell type was predominantly
involved in the secretion of Len2, we performed immunohisto-
chemical analysis of liver and spleen sections. Very few Lcn2-
secreting cells were found in naive liver tissues (data not
shown). Len2-positive cells were apparent only in liver tissue
following PyNL infection (Figure 2B). Lcn2-secreting cells colo-
calized with Gr1* granulocytes, but not F4/80" macrophages or
hepatocytes (Figures 2B and 2C). Similarly, in the spleen most
of the Gr1* granulocytes colocalized with Len2 following PyNL
infection (Figures 2B and 2C).

We found that the numbers of such infiltrated Gr1* granulo-
cytes in the livers of Lcn2™/~animals were significantly reduced
at the early stage of infection (day 8, Figure 2D). This was accom-
panied by a reduction in IFNy and IL-1p transcripts (Figure 2D).
To determine whether granulocytes are the major source and

are of primary importance for controlling parasitemia during
PyNL infection, granulocytes were depleted in vivo by Ly6G-
specific antibody (RB6-8C5) 1 day prior to infection via the intra-
venous route and repeated thrice every 2-3 days. Rat IgG was
administrated to mice in the control group. Granulocyte deple-
tion showed a tendency to increase parasitemia; however, this
effect was not statistically significant (Figure 2E). Importantly, it
did not deplete or reduce serum Len2 levels (Figure 2E). Taken
together, these findings indicated that liver- and spleen-infil-
trating granulocytes produce substantial amounts of Lcn2 at
the early as well as late stage of PyNL infection and that the infil-
tration of Lcn2-secreting granulocytes into the liver may play
a role in controlling responses to parasites at the early stage of
infection. However, the limited effects of granulocyte depletion
on serum Lcn2 levels also indicate that there might be other
sources of Len2, including hematopoietic stem/progenitor cells
(Miharada et al., 2005).

Severe Reticulocytosis Occurs in Lipocalin 2-Deficient
Mice during PyNL Infection

Previous reports have suggested that not only mature granulo-
cytes but also erythroid and monocyte/macrophage lineage cells
express and secrete Len2 (Miharada et al., 2005). We therefore
examined whether erythroid lineage cells are involved in Lcn2
induction or Len2-mediated protective immunity during PyNL
infection. While Lcn2 has been suggested to act as a negative
regulator for erythrocytic lineage differentiation (Miharada
et al., 2005, 2008), we found no difference in TER119*CD71~
mature erythrocytes in the blood of WT and Lcn2 ' mice under
normal conditions {data not shown). Upon PyNL infection, on the
other hand, TER119*CD71" cells (reticulocytes) increased
remarkably up to 20% of RBCs and immediately reduced by
the time of parasite clearance in WT mice (Figure 3A). In
Len2™/~ mice, reticulocytosis initially was induced similarly to
that of WT; however, more robust and sustained numbers of
TER119*CD71" reticulocytes were observed in the blood of
Len2™/~ mice on day 22 (~78%, Figure 3A). Of note, these retic-
ulocytes in Lcn2~/~ mice were infected with PyNL parasites (Fig-
ure 3B). These data are consistent with the fact that the PyNL
strain has a strong reticulocyte invasion preference and induces
reticulocytosis during infections (Vigario et al., 2001; Yoeli et al.,
1975), suggesting that one of the effects of Len2 in PyNL infec-
tion could be to limit reticulocytosis.

To examine whether the enhanced and sustained reticulocyto-
sis in Lcn2~/~ mice and their persistent infection with PyNL para-
sites leads to severe anemia, total blood cell counts were
measured. Infected Lcn2™'~ mice had significantly lower blood
cell counts and higher serum erythropoietin (EPO) levels (Fig-
ure 3C), confirming that severe anemia occurred in Lcn2™/~
mice. Collectively, these data indicate that Lcn2™'~ mice may
develop severe reticulocytosis during PyNL infection and that
these reticulocytes are persistently infected with parasites,
which may result in total blood cell loss and severe anemia.

Lipocalin 2 Controls Extramedullary Erythropoiesis
during PyNL. Infection

We next investigated the relationship between Len2 deficiency
and PyNL-induced reticulocytosis. Previous reports have sug-
gested that Lcn2 inhibits pre-erythrocytic maturation in the
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Figure 2. Granulocytes Are the Source of Len2 in the Liver and Spleen during PyNL Infection

(A) WT (BALB/c) mice were infected with 10° PyNL, and livers and spleens were removed at the indicated time points. Total RNA was extracted. Expression of
Len2 mRNA was analyzed by real-time Q-PCR. Results are presented as fold induction over naive mice relative to mRNA units normalized by the corresponding
185 rRNA level, Data are represented as mean = SD, n= 3 for each time point, *p < 0.01 for infected WT versus noninfected naive WT mice by Kruskal-Wallis test,
whereas Lcn2 mRNA was not detected in Len2™'~ mice.

(B and C) Liver (upper panel) and spleen (lower panel) sections from PyNL-infected WT mouse (on day 8 and day 22 postinfection, respectively) were stained with
Gr1 (green) and Len2 (red) antibodies in (B) and Len2 (green) and F4/80 (red) antibedies in (C). Nuclei were visualized by DAPI (blue). The pictures in (B) and (C) are
representative of three different animals per time point per group. Images are 400x magnification with scale bar 10 pm and were captured by fluorescence
microscope.

(D) Liver sections on day 8 postinfection were stained with anti-Gr1 antibody, and Gr1* cells were counted by 100X magnification (at least nine sections, three
mice per group). Simultaneously, total RNA was extracted. The mRNA levels of IFNy and IL-18 in livers were analyzed by real-time Q-PCR. Results are presented
as refative mRNA units normalized by the corresponding 18S rRNA level (mean = SD, n = 3 for each time point, *p < 0.05 and **p < 0.01 for infected Len2 ™' versus
infected WT mice by Student's t test).

(E) Parasite burden and serum Lcn2 levels on day 7 after depletion of Gr1* cells with RB6-8C5 antibody. Parasitemia was measured from smears, and serum Lcn2

levels were detected by ELISA. Data are represented as mean = SD, n = 6-8 for each group; ns, not significant.

bone marrow from TER119™ CD71~ to TER1197CD71* cells and
strongly to TER119*CD71* cells, resulting in controlled produc-
tion of TER119*CD71" mature erythrocytes in the blood (Mihar-
ada et al., 2005, 2008). The bone marrow and spleen are major
sites of erythropoiesis and hematopoiesis during malaria
(Crosby, 1983; Del Portillo et al., 2012; Engwerda et al., 2005).
Although we observed no differences in erythrocytosis between
WT and Lcn2™/~ mice when uninfected, PyNL infection in-
creased extramedullary erythropoiesis significantly in Len2™/-
mice compared to WT mice, and the percentages of
TER119 CD71* as well as TER119*CD71" cells in the spleen
and the bone marrow increased after infection (Figures 4A and
4B). As a result, significantly fewer mature TER1197CD71~ cells
were observed in the blood of infected Lcn2™/~ mice, while WT
mice recovered the normal number of mature TER119°CD71~
cells at the same time as they cleared the infection (Figure 4C).
Taken together, these results may suggest that severe and sus-
tained reticulocytosis with PyNL infection in Lcn2™'~ mice and

the resultant severe anemia may lead to robust extramedullary
erythropoiesis in the spleen as well as in the bone marrow.

Lipocalin 2 Reduces Parasitemia through Suppression
of Reticulocytosis

To clarify the mechanism by which Lcn2 suppresses parasite-
mia, we reconstituted Lcn2/~ mice with recombinant Lcn2
protein in vivo. Reconstitution of Len2™'" mice by rL.en2 protein
for 6 days after infection reduced parasitemia as well as reticulo-
cyte numbers (Figure 4D). It should be noted, however, that while
rLen?2 reconstitution suppressed parasitemia in vivo, rLen2 had
no direct antiparasitic effect under in vitro culture conditions in
which PyNL parasites were incubated with rLcn2 for 24 hr
(Figure 4E).

To further examine whether Len2-mediated reduction of para-
sitemia is due to its effect on the maturation of reticulocytes, we
infected WT and Len2™/~ mice with P. yoelii Lethal (PyL) and
P. berghei ANKA. While nonlethal PyNL parasites mainly infect
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Figure 3. Severe Reticulocytosis Occurs in the Absence of Lcn2 during PyNL Infection

(A) Flow cytometric analysis of whole blood on day 12 and day 22 postinfection. WT and Len2™'= mice were infected i.p. with 10° P. yoeliNL. Numbers in the
upper-right insets show percentages of TER119*CD71* stained reticulocytes. Figures on the right side show the percentage of TER119*CD71" cells; data are
represented as mean = SD of three mice per group. **p < 0.01, infected Len2™’~ versus infected WT mice by Student’s t test.

{B) Light microscopy of blood smears from WT and Len2~/~ mice stained with Giemsa's solution on day 22 postinfection (1,000x magnification).

(C) Total red blood cell numbers and serum erythropoietin (EPO) levels from WT and Lcn2~/~ mice at different time points after infection. Total blood cells were
counted by cell counter; EPO levels were determined by ELISA. Data are represented as mean ODss0nm * SD, n = 3-5 mice/group for each time point. "p < 0.05

and **p < 0.01, infected Lcn2™/~ versus infected WT mice by Student's t test.

young erythrocytes, lethal PyL parasites infect a wide range of
erythrocyte ages and kill hosts rapidly through the induction of
acute anemia (Yoeli et al., 1975). PbANKA parasites infect both
mature and immature erythrocytes and cause cerebral malaria,
an acute death, due to the sequestration of infected erythrocytes
as well as leukocytes in the small vessels such as in brain. Infec-
tion of WT and Lcn2~/~ mice with lethal Pyl parasites resulted in
similar survival rates in the first 10 days of infection with no differ-
ences in parasitemia and reticulocytemia (Figure S1A). Similarly,
infection of WT and Lcn2™/~ mice with 10% iRBC of PbANKA
parasites caused cerebral malaria symptoms and death within
10 days (Figure S1B; cerebral malaria incidence was ~80% for
WT, ~90% for Lcn2™/~ mice, and 100% for C57BL/6 mice).

WT and Len2~/~ mice that did not succumb to cerebral malaria
died within 3 weeks of infection due to high parasitemia and re-
sulting anemia, while Lcn2™~'~ mice displayed slightly higher
parasite levels (data not shown).

Mice with BALB/c background do not develop CM when in-
fected with PBANKA, but die due to persistent parasitemia and
anemia. Severe reticulocytosis is observed in the latter stages
of infection. A different mouse malaria parasite, P. chabaudi cha-
baudi, which also preferentially infects mature erythrocytes,
induces reticulocytosis during the recovery phase. Lcn2™'~
and WT counterparts on BALB/c backgrounds were infected
with PbANKA and P.c. chabaudi parasites. The parasitemia
and anemia caused by PbANKA infection was significantly
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Figure 4. Lipocalin 2 Controls Erythroid Lineage Cell Proliferation in Response to PyNL Parasites
(A-C) Whole spleen and bone marrow cells from WT and Len2 7 mice on day 22 post-PyNL infection together with their naive controls were analyzed by flow
cytometry. Percentages of TER119 CD71" cells (A), TER119*CD71" cells (B), and TER119°CD71~ cells (C) are shown, in spleen and bone marrow {mean + SD,

n = 3 for each group, *p < 0.01 by Student’s t test).

(D) Len2™ /" mice were injected daily for 6 days with recombinant mouse Len2 protein (150 pg/kg per day). Parasitemia (on day 7) and reticulocytemia (on day 12)
were assessed from smears. Data are representative of at least two different experiments (mean = SD, n = 3-6 for each group, *p < 0.05, *p < 0.01 by Kruskal-

Wallis test).

(E) Parasite levels grown in in vitro culture in the presence or absence of mouse rLen2 protein (1 and 10 pg/mi). Blood was drawn from infected L.cn2~/~ mice and
incubated with rL.en2 protein for 24 hr. Parasiternia was assessed as the % of control group. Data are representative of at least two different experiments. See also

Figure S1.

higher during the late stage of infection in Lcn2™'~ mice
compared to WT counterparts, and death occurred earlier
(Figures S1C and S1D). Len2 7 mice infected with P.c. cha-
baudi also had higher parasitemia, reticulocytemia, and anemia
than WT control mice (Figures S1E and S1F). Together, these
data strongly suggested that Lcn2 plays a critical role in control-
ling parasitemia during reticulocyte-prone nonlethal PyNL infec-
tions, possibly through control of reticulocytosis, but does not
significantly affect the outcome of mature erythrocyte invading
Plasmodium infections.

Lipocalin 2 Boosts Macrophage Function and Neutrophil
Migration in the Spleen of PyNL-Infected Mice

As Lcn2 is expressed in monocyte/macrophage lineages (Mihar-
ada et al., 2005), we examined its role in the functions of these
cell types during PyNL infection. During PyNL infection, red
pulp F4/80" macrophages, the major phagocytes of infected
erythrocytes, display dramatic changes in spatial and temporal

manners (Del Portillo et al., 2012). Splenic red pulp macrophages
are the main iron trafficking cells in which heme-oxygenase-1
(HO-1), aheme-catabolyzing enzyme, is involved in the degrada-
tion of heme into iron (Kovtunovych et al., 2010; Seixas et al.,
2009). In the naive spleen, F4/80°"HO-1* macrophages in the
red pulp area were comparable in numbers and localization
between WT and Lcn2 ™ mice (Figures S2A and S2B). However,
at day 22 after infection, the cellular changes in the spleens of
Len2™'~ mice were severe and sustained (Figure 5A). We found
that F4/80 macrophages from Len2™/~ mice displayed a reduc-
tion in both HO-1 staining and total Hmox-1 mRNA expression
(Figures 5A-5C), suggesting that macrophage function may be
impaired in Lcn2™/~ mice during PyNL infection.

To evaluate whether the phagocytic capacities of splenic
macrophages were affected by Len27/~ deficiency, we investi-
gated the uptake of fluorescent beads by splenic F4/80* cells
during infection. Although the phagocytic capacity of spleen
macrophages obtained from uninfected WT and Len2™™ mice
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Figure 5. Lipocalin 2 Deficiency Results in Impaired Macrophage Function and Neutrophil Maturation/Migration in the Spleen

(A) Spleen sections from WT and Lcn2™/~

visualized by bright-field images (100X magnification, scale bar 100 um).

mice (on day 22 post-PyNL infection) were stained with F4/80 {red) and HO-1 (green). Digested hemozoin particles were

(B) Insets from red pulp area of (A) are magnified (1,000x magnification, scale bar 10 um.).

(C) The mRNA levels of Hmox-1 in spleens were analyzed by real-time Q-PCR on day 22 postinfection. Results are presented as fold induction over naive mice
(mean x SD, *p < 0.05, Student’s t test, n = 3).

(D) Spleen sections on day 22 postinfection were stained with anti-Gr1 (green) antibody. Digested hemozoin particles were visualized by bright-field images
(100 % magnification). The right-hand figure shows FACS analysis of Gr1* cells from whole spleens. Data are represented as mean + SD, n = 3 per time point per
group, **p < 0.01 by Student’s t test.

(E) FACS analysis of percent Gr1* cells from bone marrows on day 22 after infection in WT and Len2 /" mice (mean + SD of three mice per group, **p < 0.01 by

Student’s t test). See also Figure S2.

was not significantly different, on day 8 after the infection, spleen
weight and percentage of phagocytic F4/80™ cells were signifi-
cantly lower in Len2™'~ mice (Figures S2C and S2D). Taken
together, these data suggest that macrophage function in the
spleen, which is a hallmark of recovery from PyNL infection, is
significantly impaired in the absence of Lcn2. Moreover, while
immature granulocyte numbers were increased (Figures S2E
and S2F), mature granulocyte numbers in the spleen and BM
on day 22 postinfection were greatly reduced in Lcn2 /" mice
(Figures 5D and 5E), suggesting neutrophil maturation/migration
might be impaired in the absence of Lcn2.

Lipocalin 2 Bolsters Iron Recycling and Controls
Adaptive Immune Responses to PyNL Parasites

The lack of granulocytes/macrophages with the ability to migrate
and function optimally during recovery from PyNL infection in the

absence of Lcn2 prompted us to evaluate iron recirculation; as
macrophages are important for recycling host iron via phagocy-
tosis of mature and/or infected erythrocytes (Wang and Panto-
poulos, 2011). Furthermore, recovety from anemia is dependent
on available iron stores for the production of hemoglobin. As ex-
pected, serum iron levels on day 13 postinfection were signifi-
cantly higher in Len2~/~-infected mice (Figure 6A). Moreover,
tissue iron levels in the spleen were significantly reduced in
Len2”’" mice (Figures 6B and 6C). These data indicate that
iron recycling was affected by Lcn2 deficiency during PyNL
infection and that Lcn2 may have a pivotal role in delivering
iron to the hematopoietic system.

The transferrin-dependent as well as independent iron acqui-
sition has been shown to be required for T and B lymphocyte
proliferation (Cherayil, 2010). Therefore, we investigated whether
impaired iron recycling due to Lcn2 deficiency would have an
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Figure 6. Lipocalin 2 Controls Iron Recycling during PyNL Infection, which Helps to Boost Adequate Adaptive Inmune Responses to Para-

sites

(A) Serum iron levels were measured at the peak parasite levels on day 13 after PyNL infection. Iron levels are given as mg/ml (mean = SD, n = 7-10 mice for each

group, **p < 0.05, by Student’s t test).

(B) Spleen sections on day 0 and day 22 postinfection were stained for iron by iron staining kit. Images of sections are 200x magnification.
(C) Total non-heme iron levels of spleens were measured on day 20 after infection. Results are depicted as percentage of naive controls (mean = SD, n = 4 mice for

each group, *p < 0.05, by Student’s t test).

(D) Parasite-specific antibody responses (total IgG and lgG2a) were measured from serum by ELISA at the indicated time points (mean ODsqnm = SD, n = 15 mice

for each group, "p < 0.05 and **p < 0.01, by Student’s t test).

(E)Len2 /" mice were injected daily with mouse rl.cn2 protein for 6 days from the day of infection. Serum parasite-specific total IgG and IgG2a responses were
measured by ELISA at day 38 after infection (mean OD4sonm = SD, n = 3-6 mice for each group, *p < 0.05 and **p < 0.01, by Kruskal-Wallis test).

effect on the adaptive immune responses to PyNL parasites.
Lcn2-deficient animals had an impaired antibody response
(PyNL-specific total IgG and IgG2a) to PyNL parasites (Fig-
ure 6D). We confirmed that this was due to Lcn2 deficiency as
rL.en2 injection reversed impaired adaptive immune responses
to PyNL parasites (Figure 6E).

DISCUSSION

For the most pathologicaily relevant part of their life cycle, ma-
laria parasites invade and divide within erythrocytes, the most
abundant source of host hemoglobin in the body. These cells
are destroyed in large numbers during parasite egress, an event
that is associated with the release of heme/iron into the blood-
stream, resulting in a disturbance of iron homeostasis. Lcn2
provides a unique host strategy for competing with bacterial
iron chelators (siderophores) for sequestration of iron and
confers resistance against various bacterial infections (Chan
et al., 2009; Flo et al., 2004; Nairz et al., 2009; Saiga et al.,

2008). Here we show that Lcn2 is abundantly secreted into
serum during P. vivax malaria infection. Due to the limitations
of examining the physiological role of L.cn2 upregulation in hu-
mans, we evaluated this phenomenon in a mouse model using
blood-stage PyNL parasites and showed that secreted Lcn2
has a pivotal role in controlling parasite levels and in the success-
ful resolution of the infection. Therefore, current work shows that
Lcn2, a unique iron regulator, has a pivotal role in a parasitic
disease, through which Lcn2 controls the growth of parasites
via modulation of both innate and adaptive immune system.
We report here that one of the major sources of Lcn2 during
PyNL infection is Gr1* granulocytes accumulated into organs
such as the liver (at the early stage) and spleen (at late stage).
Granulocytes are known to be activated during malaria infection
and to have an eliminating role on malaria parasites (Golenser
et al., 1992; Nnalue and Friedman, 1988). Granulocytes can
destroy microbes in various ways, such as direct phagocytosis,
production of reactive oxygen species (ROS), and through the
release of lysosomal components such as enzymes and
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antibacterial peptides/proteins (i.e., LL37 and Lcn2). Therefore,
in addition to ROS production, it is conceivable that Lcn2 is
also secreted from accumulated granulocytes and functions
against PyNL parasites. Our granulocyte depletion studies,
however, revealed that secreted Lcn2 from granulocytes may
have a limited role against malaria parasites, as parasite levels
were not changed significantly by granulocyte depletion. In addi-
tion, granulocyte depletion had no effect on the serum levels of
Len2. Nevertheless, these findings do not negate the importance
of granulocytes on controlling PyNL infection, as granulocyte
recruitment into livers was partly dependent on Len2 (Figure 2D).
Although we currently do not know whether Lcn2 plays a direct
role in the recruitment of granulocytes into the liver or via
secondary effect due to decreased cytokines such as IFNy or
IL-1B, this finding is in agreement with others who show that
granulocytes are recruited into inflammation sites in a Len2-
dependent manner during bacterial or nonbacterial conditions
such as spinal cord injury (Bachman et al., 2009; Rathore et al.,
2011).

In addition to granulocytes, Len2 is likely to be produced from
other sources (Miharada et al., 2005). Miharada et al. suggested
that erythroid and myeloid lineage cells in bone marrow also
express and secrete Lcn2, although it seems to act as a negative
regulator for both erythrocytic and myeloid lineage differentia-
tion (Miharada et al., 2008). Len2 strongly inhibits pre-erythro-
cytic maturation from TER1197CD71"* cells to TER119*CD71*
cells, resulting in controlled production of TER119* mature
erythrocytes (over 95%) in the blood. Contrary to expectation,
we found no difference in the numbers of TER119" or TER119*
CD71* cells in naive WT and Len2™'~ mice (data not shown).
However, this changed dramatically in the presence of PyNL
infection (Figures 3 and 4). It is well known that PyNL parasites
cause reticulocytosis and have a marked invasion preference
for reticulocytes (Yoeli et al.,, 1975). We found that parasite-
induced reticulocytosis was much more severe in the absence
of Len2, which perhaps in turn caused higher parasite levels.
Although reticulocytosis was similarly induced in both groups
of mice at the early stage of PyNL infection, the percentages
of TER119*CD71* cells were remarkably higher in the blood of
Lcn2™/~ animals during the recovery phase (Figure 4B). Having
accompanying lower blood cell numbers and higher EPO levels
suggested that Lcn2 deficiency caused severe loss of blood and
anemia. This conclusion was largely supported by other Plasmo-
dium parasites (i.e., P. bergheiANKA and P. chabaudi infec-
tions), which infect both mature and, to some extent, immature
erythrocytes.

If Len2 affects erythroid lineage differentiation during PyNL
infection, it is conceivable that Lcn2 affects differentiation of
other cell types such as granulocytes. While mature granulo-
cytes (Gr1™* cells) in the bone marrow and the spleen during
PyNL infection were decreased in number until high peak para-
sitemia in both WT and Lcn2™/~ mice, their number increased
immediately during elimination of parasites only in WT, not in
Len27'~ mice (Figures 5D and 5E). Importantly, severe impair-
ment in the proportion of Gr1"e" cells in Lcn2™ mice was
mirrored by an increase in Gr1'°" and Gr1™ cell proportions (Fig-
ure 52), suggesting that granulocyte differentiation may be sup-
pressed during PyNL infection. Although this is not seen in unin-
fected mice, it is possible that the need for rapid proliferation of

granulocytes during PyNL infection might allow granulocytes to
be sensitive to Lcn2-mediated events such as apoptosis (Mihar-
ada et al., 2008). This, in turn, may explain lower levels of Lcn2-
secreting granulocytes in liver as well as spleen.

A key of our results is that Lcn2 does not exert its antiplasmo-
dial function directly on the parasites, but rather through various
indirect mechanisms. Our attempts to show a direct effect of
Len2 on in vitro P. falciparum or PyNL cultures failed (data not
shown and Figure 4E). It appears that Lcn2 does not simply
act on parasitized erythrocytes/reticulocytes, but actually acti-
vates other cells such as macrophages during PyNL infection.
Although macrophages are the target for intracellular pathogens
such as M. tuberculosis where iron acquisition is influenced (Ha-
laas et al., 2010), the question of how this occurs in malaria infec-
tion arises. Macrophages are responsible for the removal of aged
erythrocytes and the transfer of degraded heme/iron to the bone
marrow for erythropoiesis (Nweneka et al., 2010). Upon phago-
cytosis of senescent erythrocytes, to efficiently degrade heme
and liberate free iron, macrophages increase their expression
of HO-1. Liberated free iron is then released efficiently to the
circulation through the iron exporters (i.e., ferroportin). Impair-
ment of HO-1 levels may cause inability of macrophage erythro-
phagocytosis, which may result in intravascular hemolysis,
tissue fibrosis, and tissue iron redistribution (Kovtunovych
et al., 2010). Our assessment of macrophage function by
measuring Hmox-1 mRNA and protein levels suggests that
macrophage function may be impaired during malaria infection
if Len2 is absent (Figures 5A-5C). One possibility is that Len2
might directly induce HO-1 expression and secretion in macro-
phages (Bahmani et al., 2010; Mori et al., 2005). Therefore, it is
plausible that reduced HO-1 levels in macrophages will lead to
an increase in free heme and its deleterious products (Seixas
et al., 2009). Furthermore, it is possible that a chronic deficiency
in the recycling of iron (due to reduced HO-1 activity) via macro-
phages may suppress macrophage function in a negative feed-
back manner in the absence of Lcn2. However, given that
macrophages can easily modulate adaptive immune responses
(Anderson and Mosser, 2002), it is also conceivable that para-
site-specific adaptive immune responses were significantly
impaired in Lcn2-deficient mice.

We have previously shown that the innate immune system
plays a pivotal role in the host’s response to malaria parasites
in which the MyD88/TLR2/TLR9 axis was found to manipulate
the pathology of the disease during infection (Coban et al.,
2007a, 2007b, 2010). In addition, we showed that other TLR-
related genes such as Lcn2 were also important during malaria
infection (Coban et al., 2007b). However, although the protein
product of the L.cn2 gene was highly upregulated in the brains
of mice following infection by the lethal malaria parasite
P. bergheiANKA, Lcn2 was not found to be involved in the
mortality caused by this parasite (Figure S1B). Presumably, retic-
ulocyte-restricted parasites allow Lcn2 to exert its antimalarial
action through the fine balance between anemia, reticulocytosis,
and chronic infection and iron recycling.

In summary, we have demonstrated that Len2 functions not
only as an antimicrobial but also as antiplasmodial defense
molecule that exerts its influence by controlling iron redistribu-
tion during infection, which in turn is required to recover from ma-
larial anemia and blood loss. We have further demonstrated that
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chronic deficiency in iron recycling affects parasite-specific
adaptive immune responses to parasites.

EXPERIMENTAL PROCEDURES

Pi; dium vivax-Infected Human Serum

Sixty-nine serum samples from P. vivax-infected individuals, as diagnosed by
microscopy, were collected in Sanliurfa province in southeastern Turkey and
kept at -20°C until use. The details of patients were described elsewhere (Yil-
diz Zeyrek et al., 2011; Zeyrek et al., 2008) and in Table $1.

All samples were collected after written informed consent was obtained
from the patients (or the parents), prior to antimalarial treatment. Sample
collection authorization was obtained from the Turkish Ministry of Health, San-
liurfa Bureau, and ethical approval was obtained from the Research Institute
for Microbial Diseases, Osaka University.

Mice and Infections

Len2 ™'~ mice were generated on a 129/Ola X C57BL/6 (B6.129) background
as described previously (Flo et al., 2004) and backcrossed to BALB/c mice
(CLEA, Japan) for at least nine generations. Age- and gender-matched wild-
type (WT) control BALB/c mice were purchased from CLEA. All animal exper-
iments were conducted in accordance with the guidelines of the Animal Care
and Use Committee of Research [nstitute for Microbial Diseases and Immu-
nology Frontier Research Center of Osaka University.

Donor mice were infected intraperitoneally (i.p.) with PyNL-infected erythro-
cytes; 3—4 days later, blood was drawn, and 10%iRBC in 200 pl PBS was inoc-
ulated into WT or Lcn2 /" mice (i.p.). Parasitemia (expressed as the
percentage of infected RBCs) and reticulocytemia (expressed as the
percentage of total RBC) were assessed by microscopic counts of Giemsa's
solution-stained thin blood smears every 2 days. Blood hemoglobin levels
were analyzed using Drabkin’s reagent (Sigma), as described elsewhere
{Vigério et al., 2001). Total blood cells were counted by a Z1 particle counter
{Beckman Coulter, inc.) from the fresh heparinized blood.

In some experiments Lcn2™/~ mice were injected with endotoxin-free re-
combinant Lcn2 protein daily (150 ug/kg per mouse per day, R&D Systems)
by the i.p. route for 6 days from the beginning of PyNL infection.

Granulocyte Depletion

One day prior to PyNL infection, WT (BALB/c) mice were treated with either
RB6-8C5 antibody (200 ng, R&D Systems) or rat IgG isotype control by intra-
venous (i.v.) injection for the depletion of Gr1™ cells. The depletion was
repeated every other day thrice. Seven days after infection, parasitemia was
assessed and serum was collected for Len2 assessment.

Serum ALT and lron Levels

Serum ALT activity was measured spectroscopically, and serum iron was
determined by a direct colorimetric method (Wako, Japan). Spleen tissue
non-heme iron levels were measured as described elsewhere (Portugal
etal.,, 2011).

Serum EPO, Lipocalin 2, and Parasite-Specific Antibody Levels
Mouse serum EPO and Len2 levels were measured by ELISA (DuoSet ELISA
Kit, R&D Systems) according to the manufacturer’s instructions. Anti-PyNL-
specific antipody responses were measured as previously published (Coban
etal.,, 2010).

Flow Cytometric Analysis

Blood, spleens, and bones were collected from mice on the appropriate days,
and single-cell suspensions were prepared. Cells were treated with ACK-lysis
buffer (Sigma-Aldrich) before staining. All antibodies were from BD Biosci-
ences otherwise mentioned. Cells were FcR-blocked with anti-CD16/CD32
monoclonal antibody prior to staining. Cell surfaces were stained with phyco-
erythrin (PE)-conjugated anti-TER119, fluorescein isothiocyanate-conjugated
(FITC) anti-CD71 (C2), and PE-Cy7 Gr1 (RB6-8CS5, Biolegend) antibodies.
Samples were acquired on a BD LSRFortessa Flow Cytometer and analyzed
with FlowdJo software.
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Quantitative Real-Time Reverse Transcription-PCR Analysis

Liver and spleen tissues were homogenized, total RNA was isolated with
RNAeasy Mini Kits (QIAGEN), and ReverTra Ace (Toyobo) was used for reverse
transcription according to the manufacturer’s instructions. The cDNA frag-
ments were amplified by Real-Time PCR Master Mix (Toyobo), and fluores-
cence was detected by a 7500 Real-Time PCR System (Applied Biosystems).
The relative induction of each mRNA expression level of each gene was
normalized to the expression level of 185 RNA. The primers for 18S rRNA,
Len2, Hmox1, IFNy, and IL-18 were purchased from Assays on Demand
(Applied Biosystems).

Hict
r

thological § 1g of Liver and Spleen

Livers and spleens were removed and fixed with 4% paraformaldehyde (PFA) for
4 hr at 4°C. Samples were then equilibrated in sucrose, embedded in OCT
compound (Sakura Finetek, Japan), and kept in liquid nitrogen. Sections were
cut with a cryostat (Leica) and mounted onto slides (Matsunami MAS-GP,
Japan). After removing the OCT compound in PBS, sections were permeabilized
and blocked overnight. Primary antibodies were as follows: anti-mouse Lcn2/
NGAL (R&D Systems), PE-F4/80 (BM8, BD Biosciences), FITC-Gr1 (RB6-8C5,
BD Biosciences), and HO-1 (Stressgen SPA 895). Secondary antibodies were
as follows: Alexa Fluor 594-donkey anti-rat IgG antibody, Alexa Fluor 488-
donkey anti-rabbit igG antibody, and Alexa Fluor 594-donkey anti-rat igG anti-
body (Invitrogen). The sections were coverslipped with mounting medium and
observed with a fluorescence microscope (Zeiss, Germany). Tissue iron staining
was performed by using iron staining kit (Accustain Iron Stain, Sigma).

Statistical Analysis

Differences between two groups were analyzed for statistical significance
using a two-tailed, unpaired Student’s t test if the data passed normal distribu-
tion analysis (Sigma Stat). If not, the statistical significance of differences
between two groups was analyzed by a nonparametric Mann-Whitney test.
Differences between three groups were analyzed by a Kruskal-Wallis test
with Dunn’s multiple comparisons. For survival curves, the log-rank (Mantel-
Cox) test was performed. p < 0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental information includes two figures, one table, and Supplementat
Experimental Procedures and can be found with this article online at http://
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Particulates and crystals stimulate the immune system to induce inflammatory responses. Several
nanometer- to micrometer-sized particulates, such as particle matter 2.5 (PM2.5), diesel particles,
and sand dust, induce pulmonary inflammation and allergic asthma. Conversely, nanometer- to
micrometer-sized crystal, sphere, and hydrogel forms of aluminum salts (referred to as "alum”)
have been used as vaccine adjuvants to enhance antibody responses in animals and humans. Al-
though most of these particulates induce type-2 immune responses in vivo, the molecular and
immunological mechanisms of action as a vaccine adjuvant are poorly understood. In this review,
recent advances in particulate adjuvant research from the standpoint of innate immune responses
are discussed.

Keywords adjuvant, alum, innate immunity, particulates, vaccine

INTRODUCTION: ADJUVANT AND INNATE IMMUNITY

Immune responses are categorized into two types: innate and adaptive. Innate immu-
nity is mediated by macrophages and dendritic cells (DCs), which engulf and kill mi-
crobes. In contrast, adaptive immunity involves antigen-specific responses mediated
by T cells, B cells, and memory cells. Ithad long been believed that the innate immun
response functions as a temporal defense system against infection until the adap
immune response can be elicited. However, recent studies have demonstrated
nate immunity is essential for the effective induction of adaptive immunity

Vaccination mimics natural infection and induces pathogen-specific ac
munity effectively. Typically, vaccines contain two main componen
adjuvants. An adjuvant is a substance that enhances antigen-speci
mune responses when used in combination with a specific a
is thought to be an activator of innate immunity. In genera
recognize pathogen-derived factors [e.g. pathogen-ass
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(PAMPs)], through pattern recognition receptors (PRRs) and induce inflammatory re-
sponses. There are four classes of PRRs: Toll-like receptors (TLRs), Nod-like receptors
(NLRs), RIG-I-like receptors (RLRs), and C-type lectin receptors (CLRs) [4-7]. These
receptors “sense” pathogen-derived factors and transduce activating signals into cells,
triggering adaptive immunity against pathogens. Therefore, the ligands for PRRs, such
as PAMPs and damage-associated molecular patterns (DAMPs), exhibit potent adju-
vant properties that elicit adaptive immunity, and PRRs are considered to be receptors
for adjuvants [1, 8].

However, the molecular and immunological mechanisms of many adjuvants used
clinically (or those under development) have yet to be fully elucidated. For example,
oil emulsions (e.g. Freund’s adjuvant and MF-59) and saponin-based adjuvants (e.g.,
QS-21 and ISCOM) exhibit strong adjuvant activities and could be promising can-
didates as adjuvants for new human vaccines [9, 10], yet no specific PRR(s) is
identified.

An increasing number of particulates and nanoparticles have been reported to
exhibit adjuvant activity. A well-known and widely used particulate adjuvant is alu-
minum salts, which is referred to as “alum” [11-13]. The mechanisms of induction of
adaptive immunity by alum or a particulate adjuvant are also unclear, even though
alum has been used as a human vaccine adjuvant for more than 80 years. The induc-
tion of adaptive immunity requires innate immunity. Hence, it has been proposed that
particulates can activate innate cells, and that this action is accompanied by the induc-
tion of cytokines, chemokines, and other factors.

PARTICULATES AND THE ADJUVANT EFFECT

Several particulates are known to exhibit adjuvant effects in immune responses. Alum
selectively stimulates humoral immune responses, especially type-2 helper (Th2) im-
mune responses, which are characterized by the production of interleukin (IL)-4 and
IL-5 and the induction of immunoglobulin (Ig) E and IgG1 [11-13]. (In the case of
mice, IgG1 is categorized into Th2-dependent antibody, but the IgG isotype for hu-
man Th2 responses has not been clarified fully.) Similar to alum, crystalline silica
(which causes a type of pulmonary fibrosis referred to as “silicosis”) induces Th2 re-
sponses and antigen-specific IgE and IgG1 [14]. It has been reported that synthesized
particles, such as poly(lactic-co-glycolic acid) (PGLA), polystyrene particles, nickel
oxide nanoparticles, and carbon nanotubes, induce humoral immunity, especially
antigen-specific production of IgG1 and IgE [15-19]. Several particulate pollutants,
such as diesel exhaust particles, have been shown to induce Th2 responses after in-
tratracheal instillation and are thought to be the source of allergic diseases [20, 21].
In addition to artificial particulates, several crystals generated in the body induce in-
flammatory responses and possess adjuvant activity. Monosodium urate (MSU) crys-
tals are formed if the concentration of uric acid released from damaged cells reaches
saturation. MSU crystals act as DAMPs, and are the causative agent of gout. MSU
crystals also act as Th2 adjuvants [22-26]. The biocrystalline substance hemozoin is
a hemin detoxification byproduct of malaria parasites. Hemozoin exhibits a potent
adjuvant effect and induces humoral immune responses [27]. Chitin particles, which
are biopolymers of N-acetyl-D-glucosamine found in fungi, helminthes, and insects,
induce the accumulation of IL-4-producing eosinophils and basophils, and are asso-
ciated with allergy [28]. In contrast to PAMPs such as lipopolysaccharide (LPS) and
CpG oligodeoxynucleotides, almost all particulates preferentially elicit Th2 responses
and the induction of IgE. Therefore, it has been hypothesized that the specific sig-
nals evoked by particulates in innate cells are involved in triggering adaptive (Th2)
responses.
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