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Abstract

Plasmodium protozoa, the source of malarial infections, catabolize large quantities of hemoglobin
during an intra-erythrocytic phase. During this process, free heme is detoxified through
biomineralization into an insoluble heme aggregate, hemozoin (Hz). In its native state, Hz is
associated with a variety of lipid peroxidation products including 4-hydroxy-2-nonenal (HNE). In
the present study, gene expression profiles were used to compare responses to two of the
individual components of Hz in a model macrophage cell line. LPS-stimulated RAW 264.7 cells
were exposed to HNE and the synthetic form of Hz, B-hematin (BH), for 6 or 24 h. Microarray
analysis identified alterations in gene expression induced by exposure to HNE and opsonized BH
(fold change =1.8, p-value <0.01). Patterns of gene expression were compared to changes induced
by an opsonized control latex bead challenge in LPS-stimulated cells and revealed that the BH
response was predominantly phagocytic. Ingenuity Pathway Analysis demonstrated that HNE
mediated a short term oxidative stress response and had a prolonged effect on the expression of
genes associated with categories of ‘Cell Cycle’, ‘Cellular Assembly and Organization’, ‘DNA
Replication, Recombination, and Repair’, and ‘Cellular Development’. Comparisons of expression
changes caused by BH and HNE with those observed during malarial infection suggest that BH
and HNE are involved in inflammatory response modulation, altered NF-kxB signal transduction,
extracellular matrix (ECM) degradation, and dyserythropoiesis. HNE exposure led to several
significant steady-state expression changes including repressed chemokine (C-C motif) ligand 5
(Cc/5) indicative of dyserythropoiesis, and a severe matrix metalloproteinase 9 (Mmp9)/tissue
inhibitor of metalloproteinase 1 ( 7imp) imbalance in favor of ECM proteolysis.

Introduction

Parasitic resistance to drugs, vector resistance to insecticides, and climatic and
environmental changes, have caused a global resurgence of the Plasmodium infection,
malaria (1). Progress towards the treatment and prevention of infection is hindered by the
complex parasite lifecycle and host-pathogen interactions. Many of the hallmarks of malaria
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are associated with the rupture of parasitized erythrocytes, release of cellular and parasite
debris into the vasculature, and subsequent immune response. Although immune activity is
essential for protective immunity, a modulated response likely contributes to malaria
pathogenesis (2). Accumulating evidence suggests that many adverse effects are caused by
endogenous toxins generated during interactions of parasite-derived species with host tissues
(3). Consequently, the interplay between various parasite-derived species, including
hemozoin (Hz), and the host immune system is of extreme interest.

Hz is a heme detoxification biomineral formed during the intraerythrocytic parasite stage as
a result of the high concentration of free heme released during hemoglobin catabolism.
Structurally, the biomineral is an aggregate of hydrogen bonded five-coordinate ferric
protoporphyrin IX [Fe(l111)PP1X] dimers, joined by reciprocating monodentate carboxylate
linkages between the central iron of one monomer and a propionic acid side chain of the
other (4). In its native state, Hz is coated by an array of proteins, nucleic acids, host- and
parasite-derived lipids (5), and racemic lipid peroxidation products (6). Notably, the level of
the secondary oxidation product 4-hydroxy-2-nonenal (HNE) measured in Hz-laden
monocytes (7) is the highest intracellular HNE concentration in any biological system
observed to date (8).

At schizogony, it is estimated that cellular debris, including 200 pmol of particulate Hz, is
released into the circulation of a P. falciparun+infected patient (9) initiating an innate
immune response. Hz has been shown to perturb the expression of cytokines (9-11) and
impair both re-phagocytosis (12) and phorbol ester mediated oxidative burst (13). Given the
activity of native Hz against an activated immune response, it is of interest to understand the
effects of individual Hz components on macrophage function. Recently, the
immunomodulatory activity of native Hz was modeled using constitutive components in a
cell culture system. Membrane lipids from erythrocyte ghosts were incubated with BH, and
RAW 264.7 macrophage-like cells subsequently exposed. These cells demonstrated
impaired PMA-activated NADPH oxidase and LPS-stimulated inducible nitric oxide
synthase (iNOS) activities. Upon treatment with either BH- or ghost-supernatant alone, no
inhibition was observed indicating that lipid peroxidation products generated during
reactions between BH and ghost membranes were responsible for the effects.

The known cellular responses to several lipid peroxidation components of Hz suggests
possible involvement in malaria pathophysiology (6, 14). The current study aims to dissect
the components of Hz in a model system and explore potential roles of key players involved
in disrupting the programmed function of the triggered immune response during infection.
Since the effects of the individual components of Hz remain largely unexplored in the
context of malaria, a microarray approach was used to explore gene expression changes in
activated cells. Given the unquestionable reactivity of HNE (8, 15, 16), and ability of the
heme moiety to mediate lipid peroxidation (17-19), HNE and BH were targeted as the
native Hz components. Gene expression patterns were analyzed in the context of biological
processes to examine the downstream effects of both specific and non-specific damage, and
comparisons were made with cellular alterations that are observed during malarial infection.
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Experimental Procedures

B-hematin Synthesis and Characterization

BH was synthesized as previously described (20, 21) using purified hemin chloride (Fluka).
Exhaustive washings in MeOH, 0.1 M NaHCO3 (pH 9.0), and DMSO removed excess free
heme and small aggregates. Formation was confirmed by powder X-ray diffraction (Scintag
X1 h/h automated powder difractometer with a copper target, a Peltier-cooled solid-state
detector and a zero-background silica (510) sample support) and FTIR spectroscopy (ATI
Mattson Genesis Series). BH was suspended in ethanol, sonicated, applied to a polished
aluminum specimen mount, and dried at 25 °C overnight. The sample was sputter-coated
with gold for 20 s and imaged using a Hitachi S4200 scanning electron microscope at 1.0 kV
accelerating voltage. Particles were determined to have an average length of 0.9 £ 0.3 uM
(Supporting Information Figure 1).

Cell Culture and Treatment

Murine macrophage-like RAW 264.7 cells (American Type Culture Collection) were
cultured under standard incubation conditions (37 °C, 5% CO») and grown in RPMI
supplemented with 5% FBS (Atlanta Biologicals) and 1ug/mL P/S (Cellgro MediaTech).
Cells were untreated or treated with 35 uM HNE (EMD Biosciences), 0.1 mg/mL serum-
opsonized BH, or serum-opsonized latex bead (0.1um, 10 pL of 0.05% per 1 x 108 cells),
and immediately stimulated with LPS (1 pg/mL). Opsonization was performed as previously
described (22).

RNA Isolation and Expression Analysis

Microarray and gRT-PCR analyses were performed by the VVanderbilt Microarray Shared
Resource. Total RNA was isolated using the Versagene RNA purification and DNase
treatment kits, following manufacturer’s recommendations. Three biological replicates per
sample were analyzed for quality (Agilent 2100 Bioanalyzer, Agilent Technologies). One
(1) ug of Total RNA (30 ng mRNA) was used to generate First Strand cDNA using the
NanoAmp RT-IVT labeling kit according to manufacturer’s protocol. Following first strand
synthesis, second strand synthesis was completed. The resulting cDNA was then purified
using an ABI kit provided column and the entire reaction was used in an IVT reaction to
generate cCRNA or DIG labeled cRNA. cRNA was purified using a kit provided column,
assessed for quality on an Agilent Bioanalyzer, and reverse transcribed to make ss cDNA.
Samples prepared from 6 h incubations were fragmented, labeled with terminal deoxy
transferase with biotin, hybridized to an Affymetrix mouse gene 1.0ST arrays per
manufacturer’s protocol, and detected with Streptavidin-Phycoerythrin. Samples obtained
from 24 h incubations were fragmented, hybridized to an ABI mouse genome survey
microarray per manufacturer’s protocol, and detected with the addition of the
chemiluminescence reaction substrate. Expression values were quantile normalized and
filtered (S/N >3 and flag value <5000, ABI arrays). Partek 6.4 and GeneSpring GX 7.3.1
software were used to determine statistically significant differentially expressed genes from
probes altered by < or = 1.8-fold (0.01 p-value cutoff, Benjamini-Hochberg multiple testing
correction) in treated stimulated cells (experimental) relative to stimulated cells (control). In
accordance with MIAME procedure, microarray data have been submitted to the NCBI
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Gene Expression Omnibus and can be found under series number GSE13281. Ingenuity
Pathways Analysis was used for gene expression analysis (Ingenuity Systems®,
Www.ingenuity.com).

Quantitative real-time reverse transcription polymerase chain reaction (QRT-PCR) was used
to validate the expression levels of several genes identified as differentially expressed
(quadruplicate measurements of three biological replicates per sample). cDNA was reverse-
transcribed from 0.5 pg of total RNA using random hexamer primers and Superscript 11
Reverse Transcriptase (Invitrogen). Reactions were purified using Qiagen’s PCR
Purification Kit following the manufacturer’s protocol. Following RT, all assays were
performed with Applied Biosystems TagMan FAM labeled 20x probes (Table 1). Ywhaz
was chosen as the endogenous control based on results obtained from an Applied
Biosystems mouse endogenous control array. cDNA amplification was performed using
TagMan 2x Universal PCR Master Mix (Applied Biosystems) and standard Tagman cycling
conditions were used as specified by the manufacturer. Cycling and data collection were
performed using the Applied Biosystems 7900 HT instrument and analysis performed using
SDS software to calculate Ct values for each detector. Ct values were processed based on
the comparative Ct method.

Cells (4 x 106 cells/well in 6 well plates) were plated and incubated for 24 h. The cells were
washed once with DPBS and treated in triplicate with LPS (1 pg/mL) or HNE (35 uM) +
LPS (1 pg/mL). Cell culture medium was collected at 0 or 24 h, and GCSF and MMP9
protein levels were determined using commercial ELISA reagents (R&D Systems)
according to manufacturer’s protocol.

Flow Cytometric Analysis

Results

Phagocytosis and cell death assays were performed on a BD LSRII flow cytometer. At least
10,000 events per sample were collected for the determination of cell populations using
FACSDiva v6.1.1. After the indicated time post serum opsonized-BH or -latex bead
treatment, cells were washed with DPBS and incubated at 37 °C for 15 minutes in
CellStripper non-enzymatic cell dissociation buffer (Cellgro MediaTech). Potential HNE-
mediated cell death was determined by the VVybrant Apoptosis Assay Kit Il (Invitrogen)
according to the manufacturer’s instructions. Briefly, cells were harvested, resuspended in
assay buffer, and stained with Alexa Fluor 488 conjugated Annexin V and propidium iodide
(PI). Sample analysis was performed using FloJo v8.8.2 (Treestar).

Analysis of gene expression changes in BH- or HNE-treated, LPS-stimulated RAW 264.7

cells

LPS stimulated macrophage-like RAW 264.7 cells were exposed to 0.1 mg/mL BH or 35
UM HNE for 6 or 24 h. The concentrations of BH and HNE were chosen based on reported
estimates of Hz (100 pM) in brain capillaries of malaria victims (23) and HNE (40 pM)
levels in Hz-fed monocytes (7). Phagocytosis of opsonized-latex beads and -BH was
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examined by flow cytometry. Latex bead fluorescence was detected in 86 % and 99 % of the
gated parent population at 6 and 24 h, respectively, demonstrating the level of phagocytosis
(Supporting Information Figure 2). Accumulation of Hz within monocytes has been shown
to, apart from an increase in depolarized side scatter, considerably increase conventional
side scatter (24). In BH treated cells, phagocytosis of the total population was indicated by a
marked increase in conventional side scatter mean fluorescence versus control cells
(Supporting Information Figure 3). It was previously shown by confocal microscopy that
opsonized BH was ingested by RAW 264.7 cells and localized within the phagolysosome
(21). Given the possibility of HNE to induce cell death, the effect of 35 uM HNE on RAW
264.7 cell death was investigated. Changes in viable, apoptotic, and dead cell populations
were measured by flow cytometry 24 h after treatment of LPS stimulated cells (Supporting
Information Figure 4). Evaluation of cells with apoptosis- and necrosis-specific stains
demonstrated that HNE only altered the percentage of apoptotic cells by 3.4 % relative to
stimulated cells. The population of necrotic cells was unchanged regardless of HNE
treatment. These values demonstrate that 24 h incubation of 35 uM HNE is well tolerated by
RAW 264.7 cells.

Statistically significant (o< 0.01) gene expression changes (fold change >1.8 relative to
control), where expression is considered a measurement of the RNA abundance at the time
of isolation, were identified by microarray analysis. Within each treatment category,
differentially expressed genes were sorted into lists based on the direction of regulation and
compared to identify common changes relative to stimulated cells (Figure 1a—d). In order to
identify expression changes dependent on interactions of BH rather than those due to
phagocytosis, differentially expressed genes were controlled by a corresponding particulate
latex bead challenge. Six hours post-challenge, there were no significant expression changes
mediated by latex bead phagocytosis, and only a small group (i.e., 39 genes) altered by BH
phagocytosis. Steady-state mMRNA levels (24 h) demonstrate that nearly 70% of the genes
differentially expressed by BH are in common with the “inert” latex bead control, indicating
that the response to BH is predominantly phagocytic. Consequently, phagocytosis-related
genes were identified and disregarded for remaining analyses. The number of genes
differentially expressed by HNE or BH treatment indicates the degree of perturbation by
each of the native Hz-associated components. HNE treatment altered a significantly larger
group of genes than BH treatment, suggesting a more serious impact on cellular function.

Ingenuity Pathway Analysis (IPA) was used to perform a functional analysis of each dataset.
IPA functional analysis ranks molecular and cellular functions according to Fischer’s Exact
Test p-value. Those categories exhibiting p< 0.001 are shown in Table 2 for both BH and
HNE treatment datasets at 6 and 24 h timepoints. The magnitude of response to either BH or
HNE treatment is evident from the number of significantly affected biological processes
identified by IPA. At 6 h, both BH and HNE affect a diverse group of functions including
‘Cell Signaling’ and *‘Small Molecule Biochemistry’ among others. By 24 h, the cellular
response to BH is minimal. Given that BH does not impair microbicidal functions, is
sensitive to microbicidal agents, and is degraded upon phagocytosis in RAW 264.7 cells
(21), it was not surprising to find that the steady-state response to BH was modest. The
degree of perturbation by HNE at 24 h complements literature observations regarding its
extensive reactivity with cellular nucleophiles (15, 16, 25-29). Expression changes mediated
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by BH and HNE indicate differential cellular responses to both treatments as a function of
time. There is, however, some overlap in the early and late response to HNE, primarily
associated with “Stress Response’, ‘Immune Response’, and ‘Gene Expression’ (listed
within Table 3).

Differential gene expression in the context of malaria pathogenesis

Microarray data from this study were compared to two groups of genes. The first group
consists of specific genes or gene products that are associated with human (30, 31) or
murine (32, 33) models of malarial infection, and/or BH or Hz (9, 10) exposure. The second
group includes genes that are classified with specific biological processes that are over-
expressed in a murine P. yoelii model (33) and/or naturally-acquired P. falciparum
infections (34) (e.g., cell-cell signaling, defense response, immune response, inflammatory
response, and signal transduction). Complete lists of differentially expressed genes altered
by either HNE or BH treatment that fall within these categories are listed in Supporting
Information Tables 1-9.

Validation of microarray results

gRT-PCR was used to confirm several genes susceptible to differential regulation by HNE
and BH at 6 h and 24 h (Table 1). Analysis was focused on selected genes implicated in the
host response to malaria. The results shown in Figure 2 are expressed as fold change relative
to stimulated cells (control). At 6 h, RT-PCR confirmed that HNE repressed the expression
of chemokine (C-C motif) ligand 2 (Cc/2), colony stimulating factor 3 (granulocyte) (Cs73),
tissue inhibitor of metalloproteinase 1 ( 77mpZ), matrix metalloproteinase 9 (Mmp9), Csf2,
interleukin (1) 1 alpha (//18) and 1 beta (//156), and BH down-regulated colony stimulating
factor 2 (granulocyte-macrophage) (Csf2) relative to stimulated cells. At 24 h, HNE
enhanced expression of Mmp$, nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor, epsilon (Nfkbie), inhibitor of kappaB kinase epsilon (/kbke), tumor
necrosis factor (7nf), and Csf3. Concurrently, 7imp1 and chemokine (C-C motif) ligand 5
(Ccl5) genes were repressed. RT-PCR analyses of BH-treated cells at 24 h confirmed //1a
stimulation and FBJ osteosarcoma oncogene (Fos) suppression. These results are consistent
with the microarray data. ELISA studies showed that HNE treatment induced MMP9 and
CSF3 translation and release relative to stimulated cells (Figure 3).

Discussion

It has been suggested that the immunological activity resulting from native Hz may not be
due to the biomineral itself, but to a toxin that is presented on its surface (35). Lipid
peroxidation products have been implicated as potential non-specific Hz toxins. Heme
compounds are effective mediators of non-enzymatic lipid oxidation, supporting the premise
that these products arise from the oxidation of lipids by Hz. Further, purified Hz and BH
have been shown to drive the oxidation of arachidonic acid to racemic mixtures of HETEs,
HODEs, (17, 19) and HNE (18). In a native state, these molecules are adsorbed to the
surface of the biomineral and introduced into the cell during phagocytosis of Hz.

Chem Res Toxicol. Author manuscript; available in PMC 2014 October 24.
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Several groups have reported conflicting results concerning the effects of the biomineral in
both in vitro and in vivo systems (36—-38). As Hz is complex in nature, the state of the
material must be well-defined in order to identify which components are responsible for a
given immune response. Native Hz has been isolated from parasitized erythrocytes and
gently washed to remove cellular debris but left with a lipid coat adsorbed onto the
hydrophaobic porphyrin plane (12). Purified Hz refers to native Hz whose lipid coat has been
removed (39, 40). Finally, BH has been prepared and purified from hemin, and is
consequently devoid of all biologically-derived components (20, 37, 41, 42). Many of the
reported differences in cellular response are likely attributable to the source of the
biomineral (native vs. synthetic), purification procedure, and the method of macrophage
activation (e.g., LPS, interferon-y (IFN-y), LPS+IFN-y, or PMA). In order to facilitate
consistent interpretation of the response to individual Hz components in the current study,
the impact of BH and HNE was investigated on LPS-activated macrophage-like cells.

Given the relationship between high levels of Hz observed in victims, severity of infection,
and disruption of macrophage function, microarray technology was used to profile
expression changes mediated by two defined Hz-derived components, BH and HNE, in
LPS-stimulated macrophage-like RAW 264.7 cells. Expression changes are calculated
relative to LPS-stimulated cells to measure the response to each hemozoin component in an
activated cell.

Stress response

Regulation of antioxidant response element (ARE) gene expression is controlled by the
transcription factor NRF2, whose activity is suppressed through the formation of a complex
with its inhibitor Keapl. Disruption of NRF2/Keapl complex liberates NRF2, allowing its
nuclear translocation and subsequent activation of ARE-dependent gene expression.
Consistent with previous findings in a variety of cell types treated with HNE (8, 15), a
potent “oxidative stress response mediated by Nrf2” was observed at both 6 h and 24 h
following HNE treatment, suggesting an effort to reduce cellular damage (Table 3).
Expression of genes encoding phase | and Il metabolizing enzymes and antioxidant response
proteins was significantly enhanced by HNE. Activation of a stress response is consistent
with an increase of Pradx in the spleens of P. bergher infected mice (32) and Sod2and
Hmox in both the blood of acute pediatric malaria victims (30) and Hz-loaded placental
tissue (31). A common stress response is heme oxygenase (decycling) 1 (HmoxZ) induction.
In the current study HmoxI expression is induced by both HNE and BH at 6 h. This
observation is in agreement with up-regulated HmoxI expression in mouse peritoneal
macrophages (PM) treated with BH (43).

Cell cycle checkpoint signaling

The present data indicate a broad ‘DNA replication, Recombination, and Repair’ response to
HNE at 6 and 24 h. Early expression of several genes associated with checkpoint control is
repressed. By 24 h, however, a dramatic DNA damage response including the induction of a
number of genes associated with G1/S cell cycle checkpoint regulation was observed
(Figure 4 and Table 3). Since HNE can form adducts with deoxyguanosine residues (44),
activation of cell cycle checkpoint signaling genes suggests an effort to ameliorate DNA
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injury. The presence of damaged DNA is consistent with enhanced expression of excision
repair and mismatch repair genes at 24 h. Notably, increased A7M and RAD23A expression
has also been identified in whole blood of P. falciparum infected children (30).

Macrophage activation

An exacerbated inflammatory response is assumed to play a significant role in malaria
pathogenesis. In an effort to uncover the basis of the inflammatory activity, Hz has been
examined as a contributing agent (9, 10). This microarray analysis demonstrates that BH had
a modest effect on the induction of immune response genes at 6 h and 24 (Table 4). HNE
treatment, however, drastically repressed expression of immune/inflammatory response
genes (Figure 4b) and interferon-signaling and -regulated genes at 6h. By 24 h, the response
was reversed and the induction of a large group of immune/inflammatory response genes
was identified (Table 3). Notably, this change in response over time may explain the often
contradictory interpretation of Hz and immune cell interactions reported in the literature (9,
10, 12, 36-38, 45).

A number of specific studies probing the inflammatory response to malaria are consistent
with the observed HNE-mediated gene expression changes: murine kidneys infected with ~.
berghei display increased expression of TNF-a (46), and P. falciparum exposed CHO cells
exhibit increased levels of TNF-a, G-CSF, and TGF-p (47). Several individual expression
changes also correspond with responses observed in microarray analyses of genuine or
experimental malaria. For example, messages for L Y96, CD14and C5R1 in whole blood of
pediatric victims (30) CDZ2, C5R1 and /L10RA in placental malaria (31), and Cd2ina P.
yoelii infected mice (33) are consistent with enhanced expression by HNE in the current
analysis.

Although HNE and BH augment the expression of genes involved in mounting an immune
response, they repress the expression of a number of genes central to a cell’s antigen
presenting ability (Tables 3 and 4). The present study identified significant (p < 0.05)
steady-state repression of antigen major histocompatibility complex (MHC) class I1-
associated genes in both HNE- and BH-treated cells. Notably, Hz loading has been
implicated as a factor contributing to both impaired monocyte MHC class Il antigen
presentation (22) and defective dendritic cell function (14, 48). The ability of HNE, and to a
lesser extent BH, to suppress MHC 1l expression implies two Hz components involved in
the defective responses. Furthermore, elevated levels of TGF-p and PGE, are associated
with T-cell inhibition (49). HNE enhanced the expression of genes encoding 7gfband Ptges
and may contribute to the impaired T-cell activity observed upon Hz phagocytosis.

NF-xB signaling

The LPS mediated pathway to produce nitric oxide (NO) is well characterized and entails
NF-xB signal transduction. In quiescent cells, NF-xB is sequestered by inhibitory proteins
(IxB) in the cytoplasm. Upon activation, 1xB kinase (IKK) phosphorylates IxB, triggering
its polyubiquitination and subsequent degradation. Once NF-xB is liberated from IxB, NF-
kB translocates to the nucleus and regulates gene expression, including iNOS.
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It has been shown that serum withdrawal in RAW 264.7 cells results in the activation of NF-
kB, expression of iINOS, and synthesis of NO. However, serum withdrawal-mediated 1<B
phosphorylation and downstream signaling was abolished in HNE treated cells (50). In
accord with this data, HNE prevented NO production in LPS-stimulated RAW 264.7 cells
(21). HNE has been shown to covalently adduct to IKK, inhibiting kinase activity thus
preventing the phosphorylation of I1xB (28). As a result, IxB degradation and NF-xB
translocation are impaired.

Unlike HNE, there are a wide range of observations regarding the effects of Hz and BH on
iNOS activity and NO synthesis. For example, both BH and purified Hz do not inhibit IFN-y
mediated NO in B10R murine macrophage cells (40). Similarly, RAW 264.7 cells
stimulated by LPS and loaded with BH exhibit normal NO levels (21). In contrast, LPS-
mediated NO production is reduced in BH treated murine PM cells (43). Skorokhod et al.
found that levels of NO are not impaired in several murine phagocytic cell lines after crude
Hz or BH loading, but determined that human monocytes are unable to produce NO when
stimulated with either LPS or IFN-y (51). Further, native Hz decreases NO in LPS or IFN-y
stimulated murine PM suggesting that a non-heme moiety component is responsible for the
dysfunction (52). This varied group of results demonstrates the need for careful
extrapolation of NO production data based on cell type, stimulatory molecule, and the state
of the Hz preparation.

In the present study, HNE, and not BH, had an impact on NF-«xB related gene expression
(Table 3). Early changes in expression indicate repression of the NF-xB pathway (down-
regulated Ca40, Nfkb1, and Nfkbiz levels) by HNE. However, at 24 h, IKK (i.e., /kbke) and
IxB (Nfkbia, Nfkbie) expression is enhanced. Notably, transcript abundance does not
necessarily correlate with protein level or kinase activity. In accord with the HNE studies
mentioned above, IKK expression may be increased because the available enzyme is
inactivated by HNE. Due to the numerous gene expression modulations mediated by HNE, it
seems probable that most are a result of downstream effects of HNE interactions. The
increase of IKK expression, however, may be a direct response to dysregulated kinase
activity.

ECM degradation

A current hypothesis is that expression changes of ECM genes may have direct involvement
in malaria pathogenesis, particularly in cases of cerebral malaria (CM). CM is a severe
complication of P. falciparum infection that is characterized by adherence of parasitized
RBC to the cerebral microvasculature. Analysis of the brain vessels from CM mouse models
reveals Hz accumulation not only within parasites, but also free and within phagocytic cells
(53). Further, examination of the cortex of postmortem CM victims shows slate-gray
discoloration, commonly attributed to Hz deposition (54). Blood brain barrier (BBB)
destruction is a major factor associated with CM (55). Matrix metalloproteinases (MMPSs),
secreted enzymes involved in ECM remodeling, are able to degrade basal lamina leading to
BBB damage (56). Interestingly, Hz increases the transcription, translation, and activity of
MMP9 in monocytes (57). Activation of MMPYis also observed during P. falciparum
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infection (30) and may contribute to the disruption of endothelial basement membranes and
extravasation of blood cells (57).

The activity of MMP9 is controlled by its cognate inhibitor, TIMP1. HNE exposure initially
repressed Mmp9 expression, however, by 24 h the level of mMRNA was significantly
increased. Notably, both 6 h and steady-state mRNA levels of HNE treated samples indicate
severely impaired 7/mpl expression (—2000-fold at 24 h by gqRT-PCR). Taken together,
Mmp9induction coupled with 7impI repression indicates a steady state MMP9/TIMP1
imbalance that may lead to increased proteolysis of the ECM (Table 3) (57). Mmp9
expression can be regulated through a variety of signaling cascades including NF-xB, p38
MAPK, and ERK1/2 pathways (58-60). Given that HNE abrogates NF-xB mediated iNOS
expression in both LPS stimulated- and serum deprived-RAW 264.7 cells, Mmp9 up-
regulation in the present study is not a result of NF-xB activation (21, 50).

Active MMP9 is capable of pro-TNF-a cleavage which releases the active cytokine and
promotes Mmp9expression (61). Thus, the increased expression of 7nfdiscussed previously
may enhance a positive feedback cycle in this study. Importantly, analyses of postmortem
brain tissue of CM victims identified elevated TNF mRNA and protein (62), and
immunostaining studies identified significant cerebrum, brainstem, and cerebellar
localization (63).

CM victims possess several traits including obstructed microvascular flow, attributable to
the sequestration of blood cells including parasitized RBC and leukocytes (64). Intercellular
adhesion molecule 1 (ICAM1), one of the most important receptors involved in
cytoadherence (65), is upregulated in naturally-acquired malaria and may contribute to ECM
degradation (65, 66). In the current study, HNE up-regulated /cam1 expression at 6 and 24 h
(Table 3). Through cell adhesion, ICAM1 aids ECM binding and may trigger macrophage
accumulation and localized MMP9 activity.

Dyserythropoiesis

The specific mechanism(s) leading to malarial anemia have not been clearly defined, but
several factors including dyserythropoiesis are thought to play a role (67). Casals-Pascual et
al. provide evidence correlating dyserythropoiesis with Hz (68). Further, HNE and the
supernatant of native Hz-fed monocytes have both been shown to dose-dependently inhibit
erythroid-progenitor growth in culture (69). Repressed CCL5 has been correlated with
dyserythropoiesis and may be a contributing factor (70). Interestingly, CM victims, which
have been found with significant Hz accumulation in their brains (54), exhibit decreased
levels of CCL5 (71). The significant repression of Cc/5expression by HNE at 24 h suggests
a potential role in dyserythropoiesis. Moreover, impaired expression of two upstream
regulators of Cc/5, namely Traf3and 75¢22d3, may be directly involved in Cc/5 repression
in the current study (Table 3).

Conclusion

The host immune response to malarial infection is multifactorial, including complex innate
and adaptive immune responses to the parasites, composite native Hz, Hz-derived lipid
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peroxidation products, and other cellular debris. Not unexpectedly, countless interactions
between an array of malaria toxins and host cells result in adverse biological effects,
prompting a reductionist examination of such complex systems. In the current study, gene
expression analysis of HNE-treated cells supports some role for HNE in malaria
pathogenesis. A wide range of substantive modulations occurred in activated cells following
HNE treatment at both 6 and 24 h. The early response predominantly involves an oxidative
stress activity that involves induction of ARE and glutathione metabolism genes. Steady
state gene expression changes are associated with a variety of documented malaria responses
such as macrophage activation, immune and inflammatory responses, NF-xB signal
transduction, ECM degradation, and dyserythropoiesis. The modest, primarily phagocytic,
response to BH supports the hypothesis that Hz predominantly functions as a vehicle to
generate and introduce toxic mediators (e.g., HNE, hydroxylated fatty acids) that are closely
associated with the biomineral into phagocytic cells (35). Further, the gene expression
changes induced by HNE may be illustrative of other reactive lipid oxidation products
generated by Hz. Although valuable for exploring the interactions between Hz components
and immune active cells, it must be kept in perspective that there are limitations to using any
model system. It is possible that stimulation antagonizes expression changes mediated by
BH or HNE. However, activated immune cells are physiologically relevant in the pathology
of malaria. Future studies will be aimed at comparing BH- and HNE-mediated gene
expression changes with those resulting from other biologically active Hz-associated
components, and confirming expression changes in primary human macrophages and
monocytes.
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Hz hemozoin

HNE 4-hydroxy-2-nonenal

BH B-hematin

ECM extracellular matrix

HETE hydroxyeicosatetraenoic acid
HODE hydroxyoctadecadienoic acid
RBC red blood cell
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LPS lipopolysaccharide
PMA phorbol-12-myristate-13-acetate
iNOS inducible nitric oxide synthase
IPA Ingenuity Pathway Analysis
gRT-PCR quantitative real-time reverse transcription polymerase chain reaction
MHC major histocompatibility complex
NO nitric oxide
PM peritoneal macrophage
CM cerebral malaria
BBB blood brain barrier
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Figurel.
Overlapping genes with significant differential expression mediated by BH and HNE. Venn

diagrams show the intersection of genes that were altered by 0.1 mg/mL BH with those
altered by either latex bead or 35 uM HNE treatment. Numbers represent statistically
significant (o < 0.01) genes up- or down-regulated >1.8-fold relative to LPS stimulated cells
at 24 h. (a) down-regulated genes identified at 6 h, (b) up-regulated genes identified at 6 h,
(c) down-regulated genes identified at 24 h, (d) up-regulated genes identified at 24 h.
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Figure 2.
Quantitative real-time RT-PCR validation of microarray results. RAW 264.7 cells were

stimulated with 0.1 pg/mL LPS and untreated or treated (A) for 6 h or (B) for 24 h with
either 35 pM HNE (black bars) or 0.1 mg/mL BH (white bars). Fold-changes (treated,
stimulated cells relative to stimulated controls) are shown (X + 99% confidence interval for
quadruplicate measurements of n = 3 biological replicates). Abbreviations: chemokine (C-C
motif) ligand (Ccl); colony stimulating factor (Cs#; tissue inhibitor of metalloproteinase 1
(TimpI); matrix metalloproteinase 9 (Mmp9); interleukin 1 (//); tumor necrosis factor
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(7nfh; nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon
(Nfkbie); inhibitor of kappaB kinase, epsilon (/kbke); and FBJ osteosarcoma oncogene
(Fos).
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Fold Change

Figure 3.
ELISA validation of microarray results. Equivalent numbers of cells (4 x 108/well) were

stimulated with LPS (1 pg/mL) in the absence or presence of 35 pM HNE for 24 h. CSF3
(colony stimulating factor 3 (granulocyte)) and MMP-9 (matrix metalloproteinase 9)
released into the culture medium were analyzed by ELISA. Fold changes (HNE-treated
stimulated cells relative to stimulated controls) are shown (X;_L SD for triplicate
measurements, representative of three independent experiments).
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Figure4.

1duosnuely Joyny vd-HIN

Ingenuity canonical pathway analysis. Differentially expressed genes were mapped to the
Ingenuity Canonical Pathway library to identify significantly altered canonical signaling
pathways. (a) ‘1L-10 Signaling’ and (b) ‘Role of BRCA1 in DNA Damage Response’ were
influenced by 35 uM HNE at 24 h and 6 h, respectively. Genes or gene products are
represented as nodes and the intensity of the node color indicates the degree of up- (red) or
down- (green) regulation.
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Tagman Gene Expression Assays Used for Quantitative Real-Time RT-PCR?

Table 1

Treatment

6 h BH, 6 h HNE
6 h HNE

6 h HNE

6 h HNE, 24 h BH
6 h, 24 h HNE

6 h, 24 h HNE

6 h, 24 h HNE
24 h HNE

24 h HNE

24 h HNE

24 h HNE

24 h BH

Gene
Csf2
Ccl2
I11b
I11a
Mmp9
Timpl
Csf3
Ccls
Tnf
Nfkbie
Ikbke

Fos

Assay ID
Mm00438328_m1
MmO00441242_m1
MmO00434228_m1
Mm00439620_m1
MmO00442991_m1
MmO00441818_m1
Mm00438334_m1
Mm01302428_m1
MmO00443258_m1
Mm00500796_m1
MmO00444862_m1
MmO00487425_m1

Amplicon length
71
74
90
68
76
90
106
71
81
78
66
59

aEach assay consists of two unlabeled PCR primers and a FAM™ dye-labeled TagMan MGB (minor groove hinder) probe.
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Table 2
Functional analysis of BH and HNE datasets?
p-value?
Biological Function BH HNE
6h 24h 6h 24 h
Amino Acid Metabolism <107 2.03x107%
Carbohydrate Metabolism 5.54 x 107%4
Cell Cycle 554 x 10704 724 x1074 <1070 < 10704
Cell Death 2.41x107% <1070 < 10704
Cell Morphology 7.10x 107  <107%4 <10704
Cell Signaling 5.61 x 10704 < 10-04
Cell-To-Cell Signaling and Interaction <1004 < 10704 < 10704
Cellular Assembly and Organization 1.61x107% <10-% < 10704
Cellular Compromise <1074
Cellular Development 5.54 x 10704 <1074 <10704
Cellular Function and Maintenance 2.84 x 10704 <1070 <1070
Cellular Growth and Proliferation < 10704 <1074
Cellular Movement <1074 <107
DNA Replication, Recombination, and Repair <1074 <107
Free Radical Scavenging 5.54 x 10704
Gene Expression <1074 <1074
Lipid Metabolism 5.54 x 10704
Molecular Transport 5.54 x 10704 <1074
Post-Translational Modification 6.25x 10704 <107 <1070
Small Molecule Biochemistry 5.54 x 107%4 <10 2,03 x107%4
Vitamin and Mineral Metabolism <1074

a . . . . . S - .
Ingenuity Pathway Analysis uses a right-tailed Fisher Exact Test to calculate p-values. Significance values for each dataset indicate the probability
that the association between the genes and the given molecular and cellular functions are due to random chance.
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