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Abstract

Severe malaria, a high burden parasitic disease, is characterized by hyperproduction of
proinflammatory cytokines, most likely generated by M1-polarized macrophages. Malaria pigment
or hemozoin (HZ), a byproduct of heme detoxification in intra-erythrocytic parasites, is internalized
by circulating monocytes and tissue macrophages, modulating their functions. Although the
immunomodulatory properties of HZ have been described, its specific role in M1/M2 macrophage
polarization remains unclear. This study aims to fill this gap by elucidating whether HZ modulates

M1/M2 polarization, contributing to the strong inflammatory response in severe malaria.

Primary human monocyte derived macrophages (MDM) and THP-1 cells differentiated into
macrophages (dTHP-1) were stimulated with M1 or M2 signals in the presence of native HZ. Gene
expression and protein secretion of TNF-a, IL-13, CXCL-8, IL-6, IL-10 and PPARG were evaluated
by Real-Time PCR and ELISA, respectively. STAT6 phosphorylation was evaluated by western

blot analysis.

MDM and dTHP-1 showed a different polarisation response to classical M1/M2 stimuli and to HZ
treatment. In both non-polarized (M0) MDM and dTHP-1, HZ induced an M1/pro-inflammatory
phenotype, increasing gene expression and protein secretion of CXCL8, TNF-a, and IL-1pB. In the
presence of M1- or M2-polarizing stimuli, HZ further increased CXCL-8 and IL-18 in MDM but not
in dTHP-1, where TNF-a secretion was even reduced. HZ did not affect M2 markers (PPARG and

IL10 expression, STAT6 phosphorylation) in any condition.

This is the first in vitro study investigating the effect of HZ on macrophage polarization, showing its
ability to promote M1 pro-inflammatory differentiation. Results vary across experimental models,
emphasizing the importance of considering model-specific effects. Clarifying HZ’s role remains

crucial for understanding malaria pathogenesis and developing new immunomodulatory therapies.

Keywords: malaria, hemozoin (HZ), malaria pigment, innate immunity, macrophage polarization
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1. Introduction

Malaria is a vector-borne parasitic disease, caused by protozoan parasites of the genus
Plasmodium, accounting for 263 million cases and 597,000 deaths in 2023, with most fatalities in
children under five years of age caused by P. falciparum *. Malaria manifestations vary widely,
ranging from mild symptoms in partially immune adults to severe complications . Key
pathological features of severe malaria include capillary obstruction due to sequestration of
parasitized red blood cells, endothelial activation, and systemic, macrophage-driven, pro-
inflammatory response “. Both parasite burden and parasite products, including hemozoin (HZ),

contribute to disease severity.

HZ or malaria pigment is an insoluble, iron-containing waste product of hemoglobin degradation
during the Plasmodium intraerythrocytic stage in the human host °. HZ is released into circulation
during asexual reproduction and accumulates in multiple organs as the infection progresses,
contributing to severe malaria manifestations °. Evidence suggests that HZ interferes with the host
immune response contributing to the development of malarial complications ’.HZ is internalized by
circulating phagocytic cells and tissue-resident-macrophages, where it persists for extended
periods without being degraded ®. The interaction of HZ with the host immune system is complex,
exhibiting both pro-inflammatory and anti-inflammatory effects "°. HZ interacts with various cell
types, including monocytes, macrophages, dendritic cells, and endothelial cells, modulating
inflammatory and immune responses ***2. The majority of the described effects are pro-

1417 although anti-inflammatory effects have also been described 2. This

inflammatory
discrepancy may be due to factors including the type of HZ used (native vs. synthetic), the method
of native HZ extraction, the experimental set-up (e.g., duration of cell exposure to HZ), the

simultaneous presence of other stimuli, and the tissue origin of the cells ***%.

As mentioned above, macrophages internalize HZ but fail to degrade it, resulting in prolonged
persistence and alterations of macrophage functions. Macrophages demonstrate remarkable
plasticity, allowing them to differentiate into distinct populations with specific functions in response

to various stimuli. Depending on the nature of these stimuli, macrophages can polarize into M1
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macrophages, which promote inflammation, or M2 macrophages, which exhibit anti-inflammatory
properties ?*. M1 macrophages are induced by interferon-y (IFN-y) and other pro-inflammatory
stimuli and are characterized by the production of cytokines such as TNF-a, IL-1p, IL-6 and IL-12
as well as the upregulation of major histocompatibility complex (MHC) class Il antigens. In contrast,
M2 macrophages, typically induced by IL-4 or other anti-inflammatory signals, secrete anti-
inflammatory cytokines like IL-10 and are characterized by PPAR-y activation ?*. Between these

two extremes, macrophage polarization exists on a spectrum of intermediate phenotypes .

In severe malaria, both beneficial or deleterious roles of M1 and M2 macrophages have been
described, depending on the anatomical localization (blood, lungs, or placenta) **~2°. However, the
available data remain scarce. It has been described that HZ stimulates inflammatory cytokines
production by human monocytes through activation of p38 MAPK and NF-kB pathways *’. In
murine macrophages HZ induces chemokines expression through a mechanism that is ERK1/2
dependent and involves NF-kB activation **. Macrophage polarization is influenced by different
signaling pathways including JAK/STAT, NF-kB, and MAPK pathways **%). It has been shown that
HZ increased the phosphorylation levels of p38 MAPK, PI3K-AKT, and NF-kB in monocytes,
suggesting activation of these signaling pathways in macrophages polarization *®. The latter study
is the only one that investigates the effect of HZ on the polarization of human monocytes

examining the signaling pathways involved in this process.

Thus the role of HZ in macrophage polarization remains unclear and needs further investigation.
This study aims to fill this gap by exploring the direct effect of native HZ, extracted from P.
falciparum cultures, on primary human monocyte-derived macrophages (MDM) and on the
monocytic THP-1 cell line, differentiated into macrophage-like cells (dTHP-1) by phorbol esters.
The immunomodulatory effect of HZ was evaluated in the presence of classical M1 and M2
stimuli.A deeper investigation into these interactions could be crucial to clarify the mechanisms
driving immune pathology in malaria and may assist in the design of new adjunctive therapies able

to modulate macrophage-mediated inflammation.
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2. Results

2.1 MDM and dTHP-1 M1/M2 polarization induced by pro- or anti-inflammatory stimuli

The effect of polarizing stimuli on MDM and dTHP-1 was assessed 24 hours post-stimulation. The
expression levels of M1-associated cytokines (CXCL8, TNF-q, IL-1B, and IL-6) were quantified at
the RNA level using real-time PCR and at the protein level in culture supernatants via ELISA. Gene
expression of the nuclear receptor PPAR-y and the anti-inflammatory cytokine IL-10 along with
phosphorylation of the transcription factor STAT-6, evaluated by Western blotting, were adopted as

M2 markers.

Unpolarized MDM and dTHP-1 constitutively produced elevated levels of CXCL8 and low levels of
TNF-a. Low levels of IL-1B and IL-6 were produced only by dTHP-1. IL-10 levels were below the
detection limits (Supplementary Table 1). When MDM were stimulated with M1 inductive signals,
IFN-y and TNF-q, the following results were obtained. TNFA gene expression was significantly
increased (Figure 1A), whereas protein secretion was not investigated, since cells had been
stimulated with this cytokine. CXCL8 expression did not change, while the protein secretion was
decreased (Figure 1B), indicating post-transcriptional regulation. IL1B expression was significantly
decreased (Figure 1A); however, the IL-1B levels were below the detection limit. IL6 gene
expression was not significantly modulated: it was decreased in MDM from 3 out of four donors.
The protein levels were below the detection limit. The expression of the M2-associated PPARG
gene was significantly decreased. Consistently, IL10 gene expression was decreased whereas
protein levels were below the detection limits (Figure 1A and B). When MDM were stimulated with
the M2 inductive signal IL-4, CXCL8 gene expression and protein secretion were significantly
inhibited compared to untreated controls (Figure 1A and B). TNFA was not modulated. IL1B gene
expression was decreased whereas protein levels were below the detection limits. IL6 gene
expression was not significantly modulated since it was increased in MDM from 3 out of four
donors, while the protein levels were below the detection limit. The expression of PPARG was
increased, whereas gene expression of the anti-inflammatory cytokine IL-10 was unchanged

(Figure 1A); IL-10 levels in the supernatants remained below the detection limit. When dTHP-1
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were stimulated with M1 inductive signals, IFN-y and LPS, the following results were obtained. A
significant increase of CXCL-8, TNF-a, IL-18 and IL-6 was observed both in terms of gene
expression and protein secretion (Figure 1C and D). PPARG expression was unchanged, whereas
IL10 gene expression was increased, though not significantly (Figure 1C). To verify if the
differences in cytokines expression and secretion between MDM and dTHP-1 were due to cell type
or the different M1 stimuli used, dTHP-1 cells were stimulated with the same M1 inductive signals
used for MDM (IFN-y plus TNF-a). Comparable results were observed with these alternative M1

stimuli (Supplementary Figure 1).

When dTHP-1 were stimulated with the M2 inductive signals, IL-4 and IL-13, M1 markers were
unchanged. A significant increase in the expression of PPARG (Figure 1C) was observed,
whereas IL10 gene expression was unchanged and protein levels in the supernatants were below

the detection limit.
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Figure 1. Macrophage polarization. Macrophage polarization markers evaluated as mRNA expression

levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (filled columns — panels

A and B) and dTHP-1 cells (striped columns — panels C and D) after 24 h of incubation with polarizing
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stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was evaluated by Real-Time PCR
analysis. Results are expressed as fold change calculated by the AACt method. Data are presented as mean
+ standard deviation from four different donors for MDM and from at least three independent experiments for
dTHP-1. CXCL-8, TNF-a, IL-1B6, IL-6 and IL-10 protein levels were measured by ELISA and expressed as %
of the control, with data represented as the mean * standard deviation. Statistical analysis was performed
using one-way ANOVA followed by Dunnett’s post-hoc test, comparing each gene or protein against MO
(untreated macrophages). Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001;

wee) < 0.0001.

Expression of STAT-6 in both MDM and dTHP-1 was unaffected by the different experimental
conditions, whereas its phosphorylation was not induced in M1-macrophages (Figure 2A and
Figure 2C, lane 3 vs.1) but was increased, as expected, by M2 stimuli (Figure 2A and Figure 2C,
lane 5 vs. 1). The original full uncropped Blots images are shown in Supplementary Figure 2.
Figure 2 also shows the effect of HZ on STAT6 phosphorylation (Figure 2B and 2D), which will be

described in the subsequent sections.
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Figure 2. STAT6 phosphorylation. Western Blot analysis of STAT6 phosphorylation in primary MDM (A)
and dTHP-1 cells (C) in control cells or cells treated with hemozoin (HZ). Relative expressions of total STAT6
and pSTAT6 normalized on B-actin in MDM (B) and dTHP-1 cells (D) were assessed in M2-like
macrophages. Data are the mean £ SD from three different donors for MDM and from three independent
experiments for dTHP-1. Statistical analysis was performed using an unpaired two-tailed t-test for each

transcription factor and comparing the data versus the control M2-macrophages not incubated with HZ.

2.2 Hemozoin phagocytosis by polarized macrophages

Optical microscopy was performed to verify whether the polarization state of macrophages could
affect their ability to phagocytize HZ. As shown in Figure 3, both MDM (panel A) and dTHP-1 cells
(panel B) phagocytized HZ with comparable efficiency, independently of the presence of polarizing
stimuli. The percentage of HZ-engulfed MDM was 38+15, 40+12, 43+14 in MO, M1, M2

macrophages, respectively.

MDM dTHP-1

A Untreated Hemozoin B Untreated Hemozoin

Control
Control

IFNy+TNFa
IFNy+LPS

IL-4
IL-4+IL-13

Figure 3. HZ phagocytosis by MO, M1, M2 macrophages. Representative images of MDM (A) or dTHP-1

(B) after 24h of incubation with polarizing stimuli in the presence or absence of HZ. Images were captured by
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using a Nikon Eclipse Ti-Series with 20x objective and the digital camera Nikon Digital Sight. Scale bar: 100

pm.

2.3 HZ induces a M1-like phenotype in unpolarized macrophages

HZ significantly increased CXCL8 and IL1B gene expression in both MDM and dTHP-1 cells; an
increase of TNFA expression was observed in MDM, but not in dTHP-1 cells, whereas IL6 was not
significantly modulated in either cell types (Figure 4A and C). Consistently with gene expression,
TNF-a and CXCL8 levels in cell supernatants were significantly higher in HZ-treated MDM
compared to control cells, whereas IL-1p and IL-6 levels remained below the detection limit
(Figure 4B). In dTHP-1, secreted levels of CXCL8 and IL-1 were significantly higher following HZ
stimulation, while the increase of TNF-a production did not reach statistical significance. IL-6
production was not modulated (Figure 4D). Conversely, HZ did not alter the gene expression or
protein phosphorylation of anti-inflammatory M2 markers in both unpolarized (M0) MDM and

dTHP-1 cells (Figure 4A and C; Figure 2A and B, lanes 1 vs. 2).

Overall, these findings suggest that HZ directly induced an M1-like phenotype.

In some experiments using dTHP-1 cells, latex beads were used as control to exclude that the
observed immunomodulation was due to non-specific effects of phagocytosis (Supplementary

Figure 3). Differently from HZ, latex beads failed to modulate CXCL8, TNF-a and IL-1 production.
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Figure 4. Effect of HZ on MO macrophages. Macrophage polarization markers evaluated as mRNA
expression levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (full columns
— panels A, B) and dTHP-1 cells (striped columns — panels C, D) after 24 h incubation with HZ alone in the
absence of other polarizing stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was
evaluated by Real-Time PCR analysis. Results are expressed as fold change calculated by the AACt

method. Data are presented as mean + standard deviation from four different donors for MDM and from at
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least three independent experiments for dTHP-1. CXCL-8, TNF-a, IL-18, IL-6 and IL-10 protein levels were
measured by ELISA and expressed as % of the control, with data represented as the mean + standard
deviation. Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein in
comparison to control (MO - unpolarized macrophages). Statistical significance is denoted as follows: *p <

0.05; ** p < 0.01; **p < 0.001.

2.4 Effects of HZ on M1 macrophages

Both MDM and dTHP-1 cells were stimulated with M1-polarizing stimuli in the presence or absence
of HZ for 24 h. In MDM, HZ increased the expression of CXCL8 and IL1B genes but did not affect
TNFA and IL6 expression (Figure 5A). The expression of IL6 was highly variable, being decreased
in HZ-treated MDM from 3 out of 4 donors and increased (3.8 fold) in 1 out of 4. Consistently to
gene expression, CXCL8 secretion was significantly enhanced by HZ (Figure 5B), while IL-18 was
below the limit of detection. In contrast, in dTHP-1 cells, HZ did not affect CXCLS8, TNFA, or IL1B
gene expression (Figure 5C), whereas IL6 was significantly decreased. Protein secretion was
consistent with gene expression for all these cytokines except for TNF-a, which was decreased by
HZ (Figure 5D). As observed in-unpolarized macrophages (Figure 4), HZ failed to modulate gene
expression of anti-inflammatory M2 determinants (PPARG and IL10) in both cell types (Figure 5A
and C). Thus, HZ seems to potentiate the effect of classical M1-polarizing stimuli in MDM, but not

in dTHP-1.

Of note is that the M1 stimuli (IFN-y and LPS) for dTHP-1 cells are different from those used for
MDM (IFN-y and TNF-a). To verify whether these differences were due to the cell type or to the
specific polarizing stimuli, dTHP-1 cells were stimulated with the same M1 cytokines used for MDM
(IFN-y and TNF-a). In these conditions, HZ enhanced both CXCL8 gene expression (Figure 6A)
and protein secretion (Figure 6B) and did not alter IL6 expression and secretion, suggesting that
the observed discrepancy between MDM and dTHP-1 could be attributed to the different M1 stimuli
used. Conversely, IL-1B was not modulated by HZ, indicating a different susceptibility to HZ

between the two cell models.
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227 Figure 5. Effect of HZ on M1 macrophages. Macrophage polarization markers evaluated as mRNA

228 expression levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (filled

229 columns — panels A, B) and dTHP-1 cells (striped columns — panels C, D) after 24 h incubation with HZ and
230 M1-polarizing stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was evaluated by
231 Real-Time PCR analysis. Results are expressed as fold change calculated by the AACt method. Data are
232 presented as mean + standard deviation from four different donors for MDM and from at least three

233 independent experiments for dTHP-1. CXCL-8, TNF-a, IL-18, IL-6 and IL-10 protein levels were measured
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Figure 6. HZ effect on dTHP-1 polarized with M1 stimuli used for MDM. M1 macrophage polarization
markers assessed as mRNA expression levels (panel A) and protein secretion levels in cell supernatants
(panel B) in dTHP-1 macrophages after 24 h incubation with HZ and M1-polarizing stimuli used for MDM
(IFN-y +TNF-a). Gene expression of CXCL8, IL1B and IL6 was evaluated by Real-Time PCR analysis.
Results are expressed as fold change calculated by the AACt method. Data are presented as mean +
standard deviation from three independent experiments for dTHP-1. CXCL-8, IL-18 and IL-6 protein levels
were measured by ELISA and expressed as % of the control, with data represented as the mean * standard
deviation. Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein,
comparing the data to the control (M1-stimulated macrophages). Statistical significance is denoted as

follows: *p < 0.05.
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2.5 Hemozoin increased the expression of M1 markers in M2-polarized MDM

Finally, the effect of HZ was evaluated in the presence of M2-polarizing stimuli. In MDM, HZ
increased the expression of CXCL8 and IL1B genes, whereas it induced a nonsignificant increase
of TNFA gene expression (Figure 7A). The expression of IL6 was highly variable, being decreased
in HZ-treated MDM from 3 out of 4 donors and increased (2.2 fold) in 1 out of 4. In MDM, none of
the tested cytokines were significantly modulated (Figure 7B). In contrast, in dTHP-1 cells, gene
expression of these mediators was not significantly modulated by HZ (Figure 7C), although an
increase in CXCL8 and a decrease in TNF-a levels were observed in the supernatants (Figure
7D), suggesting a post-transcriptional regulation of these cytokines. As previously observed,
neither in primary MDM nor in dTHP-1 cells, modifications in M2 gene expression markers
(PPARG and IL10) were observed in the presence of HZ (Figure 7A and C). Moreover,
phosphorylation of STAT6 remained unaffected (Figure 2A and C, lane 6 vs. 5; Figure 2B and
2D). Therefore, it appears that HZ can partially restore M1 cytokine expression in M2-polarized

MDM.
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Figure 7. Effect of HZ on M2 macrophages. Macrophage polarization markers evaluated as mRNA

expression levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (filled

columns — panels A, B) and dTHP-1 cells (striped columns — panels C, D) after 24 h of incubation with HZ

and M2-polarizing stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was evaluated by

Real-Time PCR analysis. Results are expressed as fold change calculated by the AACt method. Data are

presented as mean + standard deviation from four different donors for MDM and from at least three



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

independent experiments for dTHP-1. CXCL-8, TNF-aq, IL-18, IL-6 and IL-10 protein levels were measured
by ELISA and expressed as % of the control, with data represented as the mean * standard deviation.
Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein and comparing
the data versus the control (M2-stimulated macrophages). Statistical significance is denoted as follows: *p <

0.05; **p < 0.01.

3. Discussion

Clinical manifestations of malaria are attributed to proinflammatory cytokines released in response
to malaria parasites and their byproducts, including the malaria pigment HZ *'. Elevated levels of
inflammatory cytokines have been associated with severe malaria, especially in African children
3233 HZ is released during the rupture of red blood cells when parasites in the schizont stage
release new merozoites into circulation. Notably, HZ has been detected in post-mortem samples

from various organs of patients with severe malaria ’.

While the immunomodulatory effect of HZ has been extensively studied in human monocytes and

murine macrophages *%**%

, this study is among the first to investigate the effect of malaria
pigment on human macrophages. Beyond the study by Bobade et al., which describes the M2-
polarizing effect of HZ on monocytes 8, our work provides the first comprehensive analysis of HZ
in human macrophages polarization and its modulatory effects in response to classical M1/M2
stimuli. Since macrophages are the main source of cytokines in malaria patients *, classical or
alternative polarization of these cells is relevant for malaria pathogenesis. However, few studies

have been conducted, most of them referring to the in vivo analysis of the macrophage phenotype,

but little is known on the signals that drive M1/M2 polarization in malaria.

In our study, primary monocyte-derived macrophages (MDM) and THP-1 monocytic cell line
differentiated into macrophage-like cells (dTHP-1) were used for investigating the effect of HZ on
macrophage polarization. THP-1 cells can be maintained in culture for extended periods with
consistent results, albeit with the limitation of being tumor-derived. Moreover, THP-1 differentiation

is obtained using chemical inducers, such as phorbol esters, which may induce a pro-inflammatory
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phenotype themselves *’. Conversely, MDM offers the advantage of being primary cells, although
they derive from different donors and may exhibit variability in their responses. In this study, MDM
from 4 donors were used and all the analyzed markers, except for IL-6, showed the same trend of

modulation after stimulation with either classical M1/M2 stimuli and HZ.

Differences in cytokine production and polarization between MDM and dTHP-1 have been
previously described *°. Consistent with these observations, our study revealed differences in
polarization between the two experimental models. In dTHP-1 cells, M1 stimuli increased gene
expression and protein production of CXCL-8, IL-1f3 and IL-6. In contrast, MDM exposed to M1
stimuli decreased IL1B expression and CXCL-8 production, inducing no changes in CXCL8 and
IL6 expression. It is noteworthy that the pro-inflammatory M1 stimuli differ between the two
experimental models (IFN-y +TNF-a for MDM and IFN-y +LPS for dTHP-1 cells). Nevertheless,
when the M1 polarizing stimuli used in this study for MDM were employed on dTHP-1 cells, the
modulation of polarization markers was the same, confirming the different susceptibility of cell

types.

In MDM, a discrepancy between gene expression and protein secretion of CXCL-8 was observed.
This may be due to the specific molecular pathways controlling its transcription and to complex
post-transcriptional regulation, which includes the presence of regulatory miRNA, the instability of
CXCL-8 mRNA and the complex pathways of its stabilization “°. In our study, IL-4 failed to induce
IL-10 by MDM or dTHP-1. It is well established that IL-4 stimulates the production of IL-10 by T
helper lymphocytes *, however IL-4 inhibits IL-10 production in other immune cells, such as

dendritic cells (Yao et al., 2005).

To evaluate the effect of HZ on macrophage polarization, native HZ, a crystal of

ferriprotoporphyrin-IX bound to host and parasite lipids, DNA, and proteins °, was used. It has been
shown that these different components of HZ modulate immune responses through different
mechanisms °. Thus, native HZ closely mimics physiological conditions. The dose of HZ chosen for

this study is biologically relevant and calculated based on the iron content of trophozoites *°.
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Macrophages are phagocytic cells, and previous studies have reported that M2 macrophages
exhibit greater phagocytic capacity than M1 macrophages **. However, our results indicate that HZ
is phagocytosed to a similar extent by MO, M1, and M2 macrophages. This may be explained by
the fact that HZ crystals are internalized as inert material, like asbestos fibres, as shown by
electron microscopy images from Olliaro et al., which demonstrate that HZ crystals within

macrophages are not enclosed by a membrane .

When HZ was applied on unpolarized MO macrophages, a clear pro-inflammatory effect was
observed in both MDM and dTHP-1 cells. Gene expression and protein production of CXCL-8,
TNF-a and IL-1B were significantly enhanced after incubation with HZ. These results are consistent
with previous in vitro studies reporting that both native HZ and synthetic HZ induce the production
of inflammatory cytokines and chemokines by human and murine monocytes/macrophages
16314647 However, other studies have demonstrated that HZ can inhibit several monocyte functions
such as the production of inflammatory mediators or the expression of major histocompatibility
complex class Il antigen “®. Since HZ is known to induce oxidative stress, these contrasting effects

have been attributed to differences in the antioxidant capacities of various cell types 20349,

In this study, HZ, either alone or in the presence of M1 or M2 polarizing stimuli, failed to modulate
M2-associated markers such-as PPAR-y or IL-10. This finding differs from a previous study by
Bobade and colleagues reporting that HZ induces different M2 markers including IL-10 *®. This
observed discrepancy may be due to the higher HZ concentration used (50 pg/ml compared to 10
pg/mlin the present study), as well as differences in MDM isolation and culture conditions.
Specifically, in this study, 5% human serum was added alongside 10% FBS, and MDM were
incubated for six days to ensure complete differentiation into macrophages. In another study, HZ
suppressed PPAR-y expression in dendritic cells, thereby inhibiting their maturation **. This
inhibition was attributed to 15(S)-hydroxyeicosatetraenoic acid (15(S)HETE), which is produced by
close contact of unsaturated fatty acids with HZ via nonenzymatic heme catalysis °'. The different
effects of HZ on dendritic cells and macrophages may be due to variations in their fatty acid
composition, as dendritic cells have a higher proportion of polyunsaturated fatty acids than

macrophages *2.
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In MDM, HZ consistently induces a pro-inflammatory response, regardless of the presence of
additional pro- (M1) or anti-inflammatory (M2) stimuli. In contrast, the effects of HZ on dTHP-1 cells
depended upon the presence of a particular combination of polarizing stimuli. Differences in
cytokine production and polarization between MDM and dTHP-1 have been previously reported
.39 Consistent with these observations, our study revealed distinct polarization responses
between the two experimental models. In the MDM model, HZ exhibited an additive effect on
CXCLS8 and IL1B expression and on CXCL-8 production in the presence of M1-polarizing stimuli
(Figure 5). In contrast, this additive effect was absent in dTHP-1 cells, where HZ instead inhibited
TNF-a secretion, as previously demonstrated in murine macrophages treated with LPS and

synthetic HZ .

Some discrepancies in M1 polarization between dTHP-1 and MDM may be due to differences in
the stimuli used. When dTHP-1 cells were treated with the same M1 stimuli as MDM (IFN-y + TNF-
a), HZ increased the expression and production of CXCL-8 but not of IL-1p (Figure 6). LPS may
exert a stronger stimulatory effect than TNF-a, potentially masking HZ effect on CXCL-8. THP-1
cells are known to respond differently to various polarizing stimuli, leading to distinct marker

profiles >*.

On the contrary, IL-1B modulation by HZ in the presence of pro-inflammatory stimuli appeared to
be cell type-dependent. IL-1B plays a role in the pathogenesis of malaria, and elevated plasma
levels of IL-1B have been reported in patients with severe malaria *°. This cytokine is typically
produced by macrophages following NLRP3 inflammasome activation in response to microbial
infection or danger signals, which triggers caspase-1-mediated processing and the subsequent
release of mature IL-1B *°. HZ is known to activate the inflammasome, thereby inducing IL-18
secretion *°. In this study, HZ stimulated IL1B expression in unpolarized MO MDM and dTHP-1
cells. However, in the presence of M1 stimuli, HZ increased IL1B gene expression in MDM but not
in dTHP-1 cells. Notably, while dTHP-1 cells secreted mature IL-1[ into the supernatants, IL-1(3
levels were undetectable in MDM supernatants. Higher production of IL-18 in dTHP-1 cells

compared to MDM has been previously reported, although under different stimulatory conditions
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3.5 variations in inflammasome activation in different cell types were indeed reviewed by Cornut

and colleagues °’.

Notably, HZ retained its pro-inflammatory activity even in a M2-like environment. However, this
was not observed in dTHP-1 cells, where the production of TNF-a was significantly reduced
following HZ treatment. This reduction in TNF-a protein levels was also observed in M1-polarized
dTHP-1 cells, suggesting that HZ exerts an inhibitory effect on the release of mature TNF-q,
regardless of polarization environment (Figure 7). TNF-a is synthesized as a membrane-bound
precursor protein and released through proteolytic cleavage mediated by the metalloproteinase
TNF-a-converting enzyme (TACE). HZ is known to modulate both the expression and the activity
of other metalloproteinases, such as MMP-9 %8 Therefore, the observed reduction in TNF-a levels

in the supernatants of HZ-treated dTHP-1 cells may be attributed to post-transcriptional regulation

36

Results have been summarized in Figure 8, which shows the modulation of M1/M2 markers in all

the tested conditions.
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Figure 8. Schematic representation of the results. Macrophage polarization markers evaluated as mRNA
expression levels (gene) and protein secretion in the supernatants (protein) in MO/M1/M2 macrophages

(MDM or dTHP-1 cells) in the presence of hemozoin.

Although conflicting results have been reported in the literature, likely due to variations in cell
models and HZ preparation, this in vitro study highlights the pro-inflammatory effects of HZ in
human primary macrophages contributing to malaria pathogenesis. HZ can induce inflammatory
effects through different mechanisms. Native HZ, associated with proteins and parasitic DNA, can
bind TLR9 and TLR4, leading to NF-kB activation and subsequent transcription of pro-inflammatory
mediators. Monocytes treated with HZ undergo intense oxidative stress, leading to the release of

substantial quantities of peroxidation derivatives, resulting in excessive production of pro-

inflammatory cytokines (Giribaldi 2010).

Il Decrease by more than 2-fold
[ Decrease by less than 2-fold

[] unmodulated
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This aspect is clinically relevant and aligns with studies in patients. M1 macrophages have been
shown to predominate in lung injury including acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) in patients with severe malaria, where the activation of lung macrophages and
the subsequent release of inflammatory cytokines contribute to lung damage ?*. HZ-laden
macrophages have been observed in the septal areas and alveolar spaces of ARDS patients >

and HZ presence has also been associated with ARDS development in animal models .

Consistently, in an experimental murine model of cerebral malaria, treatment with IL-33, which
plays an important role in Th2-associated immune responses, prevented the development of the
disease by reducing pro-inflammatory cytokines and chemokines production while increasing type
2 cytokines that polarize macrophages towards the M2 phenotype ®*. However, other studies
indicate that an M2-like phenotype of monocytes correlates with the severity of the disease in

children % and pregnant women 2.

Macrophage polarization in malaria remains poorly studied. From a clinical perspective, elucidating
the impact of hemozoin (HZ) on macrophage polarization enhances our understanding of how HZ
modulates immune responses in malaria. These findings underscore HZ's potential role in driving
inflammatory processes and shaping macrophage plasticity. Such insights may be valuable for the

development of immunomodulatory adjunctive therapies.

This is a pilot study aimed at providing proof of concept regarding the importance of HZ in
macrophage polarization, achieved by utilizing and comparing two commonly used cellular models.
The results obtained will pave the way for future studies investigating the molecular mechanisms
and signaling pathways, as well as the individual components of hemozoin involved in macrophage

polarization.

In conclusion, these findings highlight the importance of using relevant models, such as primary
cells and native hemozoin, to obtain a more accurate representation of in vivo conditions in malaria
patients. Furthermore, this study may help to correlate the different clinical manifestations of
malaria, ranging from uncomplicated to severe disease, with dysregulation of phagocyte functions

and promote better therapeutic strategies to counteract the effects of hemozoin accumulation.
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4. Methods
4.1 Human macrophage models and P. falciparum cultures

Primary human monocytes-derived macrophages (MDM) were obtained from healthy blood donors
as previously described 3. Peripheral blood mononuclear cells (PBMC) were isolated from the
buffy coats using Ficoll-Hypaque density gradient centrifugation. The cells were then washed and
resuspended in complete medium consisting of Dulbecco's Modified Eagle Medium (DMEM)
supplemented with penicillin/streptomycin (1%), L-glutamine (1%), heat-inactivated bovine serum
(FBS, 10%), and heat-inactivated normal human serum (NHS, 5%). The suspension was seeded
into 75-cm? flasks (Falcon; BD Biosciences Labware) at a density of 8x10° cells/ml. After 2 h of
incubation at 37°C in a humidified atmosphere containing 5% CO2, non-adherent cells, primarily T
lymphocytes, were removed by gentle pipette aspiration. An equal volume of fresh complete
medium was then added to each flask. After 24 h of culture, adherent cells were washed twice with
PBS, detached by scraping with a rubber policeman, and counted using trypan blue dye exclusion
%3 The use of human peripheral blood cells derived from buffy coats for experimentation has been
approved by the Territorial Ethical Committee 1 of the regional Authority of the Lombardy region,
Milan, Italy; volunteer blood donors (>18 Years old) signed informed consent that material not of
medical use could be utilized for non-commercial research purposes. All methods were carried out
in accordance with relevant guidelines and regulations approved by the aforementioned Ethical

Committee.

The mycoplasma-free human monocytic leukaemia cell line, THP-1, was maintained in culture in
RPMI 1640 medium supplemented with 2 mM L-glutamine, 20 mM HEPES buffer pH 7.4, 10 uM
sodium pyruvate, 50 yM B-mercaptoethanol and 10% heat-inactivated FBS (Euroclone).

Differentiation into macrophages (dTHP-1) was obtained by incubating the cells with phorbol 12-

myristate 13-acetate (PMA, 10 ng/mL) for 48h at 37°C and 5% CO..

Mycoplasma-free P. falciparum parasites (D10 and W2 strains) were cultured as previously

described ®. Cultures were maintained at 5% haematocrit using human type A red blood cells
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(RBCs) in RPMI 1640 medium supplemented with 5% heat-inactivated A+ human plasma, 0.5%
AlbuMax (Invitrogen), 20 mM HEPES buffer pH 7.4 and 0.01% hypoxanthine. The parasites were

grown in a microaerophilic gas mixture comprising 1% O,, 5% CO, and 94% N, at 37°C.
4.2 Hemozoin isolation and quantification

Parasitized RBCs at 4-8% parasitaemia were washed twice with serum-free medium and
resuspended to 25% haematocrit. After fractionation on a discontinuous Percoll/4% sorbitol (wt/vol)
gradient at 0%, 40% and 90% by centrifugation at 1075 x g, HZ was collected from the 0-40%
interphase and repeatedly washed with PBS ®. HZ concentration was quantified
spectrophotometrically based on its haem content. Specifically, an aliquot of HZ was dissolved in
1M NaOH, and the optical density at a wavelength of 405 nm was interpolated against a standard
curve of haemin. For all experiments, malaria pigment was used at the biologically relevant
concentration, 10 pg/mL, consistent with levels easily reached in vivo, calculated considering the

iron content of trophozoites as previously **%.

4.3 Polarization of MDM and THP-1 cells and stimulation with HZ

Primary human monocytes were seeded at a density of 2.5x10° cells/well in 48-wells tissue culture
plates (Corning®) in 500 pL of complete medium and incubated for 6 days to achieve
differentiation into MDM. After differentiation, MDM were left unpolarized (MO) or polarized into M1
macrophages using 20 ng/ml IFN-y and 2 ng/mL TNF-a, or into M2 macrophages using 20 ng/mL

IL-4 ® in the presence or not of 10 pg/mL HZ for 24h at 37°C and 5% CO..

Similarly, THP-1 cells were seeded at 5x10° cells/well in 24-wells tissue culture plates (Corning®)
and differentiated into macrophages (dTHP-1) as described in section 4.1. THP-1 were left
unpolarized (MO) or polarized into M1 macrophages using 20 ng/mL IFN-y and 10 ng/mL

63,68 in

lipopolysaccharide (LPS) " or into M2 macrophages using IL-4 and IL-13 (20 ng/mL each)

the presence or not of 10 pg/mL HZ for 24h at 37°C and 5% CO,.

At the end of the incubation period, images were captured with an inverted microscope (Nikon

Eclipse Ti-Series) at 200x magnification with a digital Nikon Digital Sight camera. The percentage
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of HZ-engulfed MDM was determined by light microscopy. Data are the mean * standard deviation

of three different fields from 4 donors.
4.4 RNA extraction and quantification

MDM and dTHP-1 (0.5 — 1.5 x10°) were washed with DPBS, lysed using 700 pL QIAzol Lysis
Reagent (Qiagen), and RNA was extracted using the QlAamp® RNA Blood Mini Kit (Qiagen)
following the manufacturer’s instructions. The concentrations and quality of RNA were assessed
using the NanoPhotometer® NP80 (Implen). Absorbance ratios A260/A280 and A260/A230 were

evaluated to ensure sample purity.
4.5 Reverse transcription and Real-Time PCR

The isolated RNA (500 ng) was purified from genomic DNA and reverse transcribed into
complementary DNA (cDNA) using the QuantiTect® Reverse Transcription kit (Qiagen). The
expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG genes in MO/M1/M2 polarized MDM and
dTHP-1 cells, with or without HZ treatment, was assessed by Real-Time PCR. Amplification was
performed using the QuantiNova® SYBR® Green PCR Kit (Qiagen) on the Rotor-Gene Q 5plex
(Qiagen). Gene expression was normalized on -actin (BACT) as the reference gene. The reaction
mix for each sample consisted of 10 yL of QuantiNova Master Mix (2x), 0.14 uL each of forward
and reverse primers at 0.7 uM concentration, 7.72 pL of nuclease-free water, and 2 yL of cDNA,

for a final volume of 20 pL. The sequences of forward and reverse primers are listed in Table 1.

Table 1. Primer sequences for SYBR® Green Real-Time PCR.

Target gene Forward primer (5°-3’) Reverse primer (5’-3’)

BACT TGAGAGGGAAATCGTGCGTGAC GCTCGTTGCCAATAGTGATGACC
CXCL8 CCACCGGAAGGAACCATCTC GGGGTGGAAAGGTTTGGAGT
TNFA CCACTTCGAAACCTGGGATTC TTAGTGGTTGCCAGCACTTCA
IL1B ATGCACCTGTACGATCACTGA ACAAAGGACATGGAGAACACC
IL6 GTAGCCGCCCCACACAGACAGCC | GCCATCTTTGGAAGGTTC

IL10 AGAACCTGAAGACCCTCAGGC CCACGGCCTTGCTCTTGTT
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PPARG TTGTCACGGAACACGTGCA GGAGCGGGTGAAGACTCATG

The thermal profile consisted of an initial hold phase at 95°C for 10 minutes, followed by 40
amplification cycles, each comprising three stages: 95°C for 10 seconds, 60°C for 15 seconds and

72°C for 20 seconds.

Gene expression analysis was conducted using the Fold Change method, calculated as follows:
ACt = Ctgene of interest - Cleact

AACt = ACtsample- ACtcontrol

Fold Change = 2¢44¢)

4.6 Cytokines and chemokines quantification in the supernatants

Cell culture supernatants were collected after 24h of incubation with polarizing stimuli and HZ. The
concentrations of CXCL-8, TNF-a, IL-18, IL-6 and IL-10 in the supernatants from both MDM and
dTHP-1 cells were quantified using commercial ELISA kits according to the manufacturer’'s
protocols: Human IL-8/CXCL8 DuoSet ELISA, Human TNF-alpha DuoSet ELISA, Human IL-1
beta/IL-1F2 DuoSet ELISA, Human IL-6 DuoSet ELISA, and Human IL-10 DuoSet ELISA (R&D

Systems).
4.7 STAT6 and pSTATG6 protein levels

Western blot analysis was performed to evaluate STAT6 and phospho-STAT6 (pSTAT6) protein
levels in polarized MDM and dTHP-1 cells. Proteins were extracted from 2x10° macrophages using
a lysis mix containing 3% (v/v) Halt™ Protease Inhibitor Cocktail (Thermo Fisher Scientific) and 1%
(v/v) 0.5 M EDTA solution (100x) (Thermo Fisher Scientific) in Pierce™ RIPA buffer (Thermo
Fisher Scientific). After 30 min of centrifugation at 18,500 x g at 4°C, the debris was discharged,
and proteins were quantified using the Pierce™ Bradford Plus Protein Assay reagent (Thermo
Fisher Scientific) with the NanoPhotometer® NP80 (Implen). Total protein extracts (30 pg) were

subjected to SDS-PAGE and separated proteins were transferred onto a nitrocellulose membrane
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overnight at 45 V at 4°C. Membranes were blocked for 1h at room temperature with a solution
containing 5% nonfat dried milk powder (EuroClone) in TBS-T (0.01% Tween 20 in TBS), and
subsequently incubated overnight at 4°C with primary antibodies (Ab) diluted in the same blocking
solution. The primary Abs used included total STAT6 (1:1,000 dilution; Cell Signaling Technology,
#9362) and phospho-STAT6 (Tyr641) (1:500 dilution; Cell Signaling Technology, #9361). 3-actin
was used as a loading control, using the anti-B-actin monoclonal Ab (mAb) 13E5 (1:1,000 dilution;
Cell Signaling Technology, #4970) prepared in 5% nonfat dried milk powder in TBS-T. After three
washes with TBS-T, membranes were incubated for 1h at room temperature with a horseradish
peroxidase (HRP)-linked anti-rabbit IgG secondary Ab (1:2,000 dilution; Cell Signaling Technology,
#7074) diluted in 5% nonfat dried milk powder in TBS-T. Protein bands were visualized using an
enhanced chemiluminescence detection kit (Amersham GE Healthcare, Amersham, UK),

performed according to the manufacturer’s instructions.

4.8 Statistical Analysis

Comparisons between two groups were performed using an unpaired two-tailed t-test. Differences
among more than two groups were analysed by one-way ANOVA analysis and post-hoc multiple
comparisons tests (Dunnett), using GraphPad Prism 8 software. Data are representative of at least

three independent experiments run in triplicate.

Acknowledgements

Prof. Donatella Taramelli (University of Milan) is acknowledged for helpful discussion.

This publication is based upon work from COST Action CA21111 “One Health drugs against
parasitic vector borne diseases in Europe and beyond (OneHealthdrugs)”, supported by COST
(European Cooperation in Science and Technology).

Authors' contributions

Conceptualization: SDA, NB, FP; Data curation: FP; Formal analysis: FP; Funding acquisition:
SDA, NB, SD; Investigation: FP, SP, MD, ECA, SG; Methodology: FP, MD, SG; Supervision: SD,



558
559

560

561

562

563

564

565

566

567

568

569
570

571

572
573

574
575
576

577
578

579
580

581
582

583
584

585
586

587
588

589
590

SDA, NB, SP, GP, EV; Roles/Writing - original draft; FP, NB, SDA; and Writing - review & editing:
ECA, SP, GP, EV. All authors read and approved the final version of the manuscript.

Data availability statement

The authors confirm that the data supporting the findings of this study are available within the

article and its supplementary materials

Competing interests: not applicable
Funding

This work was supported by “Fondazione Cariplo” (grant number 2017 — 0846) to SDA and by
Universita degli Studi di Milano (PIANO DI SOSTEGNO ALLA RICERCA 2021 - PSR2021 to NB;

GSA-IDEA project to SD and SDA).

References

1. World Health Organization. World Malaria Report 2024: Addressing Inequity in the Global Malaria
Response. (2024).

2. Phillips, M. A. et al. Malaria. Nat Rev Dis Primers 3, 17050 (2017).

3. Poespoprodjo, J. R., Douglas, N. M., Ansong, D., Kho, S. & Anstey, N. M. Malaria. The Lancet 402,
2328-2345 (2023).

4, Plewes, K., Turner, G. D. H. & Dondorp, A. M. Pathophysiology, clinical presentation, and treatment
of coma and acute kidney injury complicating falciparum malaria. Curr Opin Infect Dis 31, 69-77
(2018).

5. Egan, T. J. Recent advances in understanding the mechanism of hemozoin (malaria pigment)

formation. J Inorg Biochem 102, 1288-1299 (2008).

6. Dalapati, T. & Moore, J. M. Hemozoin: a Complex Molecule with Complex Activities. Curr Clin
Microbiol Rep 8, 87-102 (2021).

7. Pham, T.-T., Lamb, T. J., Deroost, K., Opdenakker, G. & Van den Steen, P. E. Hemozoin in Malarial
Complications: More Questions Than Answers. Trends Parasitol 37, 226—239 (2021).

8. Arese, P. & Schwarzer, E. Malarial pigment (haemozoin) : a very active ‘inert’ substance. Ann Trop
Med Parasitol 91, 501-516 (1997).

9. Boura, M., Frita, R., Gdis, A., Carvalho, T. & Hanscheid, T. The hemozoin conundrum: is malaria
pigment immune-activating, inhibiting, or simply a bystander? Trends Parasitol 29, 469-476 (2013).

10. Shio, M. T., Kassa, F. A., Bellemare, M.-J. & Olivier, M. Innate inflammatory response to the malarial
pigment hemozoin. Microbes Infect 12, 889-899 (2010).

11.  Jaramillo, M. et al. Synthetic Plasmodium-Like Hemozoin Activates the Immune Response: A
Morphology - Function Study. PLoS One 4, e6957 (2009).



5901
592
593

594
595

596
597

598
599

600
601

602
603
604

605
606
607

608
609
610

611
612
613

614
615

616

617
618

619
620

621
622

623
624

625
626
627

628
629
630

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Skorokhod, O. et al. Posttranslational Modification of Human Cytochrome CYP4F11 by 4-
Hydroxynonenal Impairs w-Hydroxylation in Malaria Pigment Hemozoin-Fed Monocytes: The Role in
Malaria Immunosuppression. Int J Mol Sci 24, 10232 (2023).

Barrera, V. et al. Host fibrinogen stably bound to hemozoin rapidly activates monocytes via TLR-4
and CD11b/CD18-integrin: a new paradigm of hemozoin action. Blood 117, 5674-5682 (2011).

Kalantari, P. et al. Dual Engagement of the NLRP3 and AIM2 Inflammasomes by Plasmodium-Derived
Hemozoin and DNA during Malaria. Cell Rep 6, 196-210 (2014).

Tiemi Shio, M. et al. Malarial Hemozoin Activates the NLRP3 Inflammasome through Lyn and Syk
Kinases. PLoS Pathog 5, e1000559 (2009).

Dostert, C. et al. Malarial Hemozoin Is a Nalp3 Inflammasome Activating Danger Signal. PLoS One 4,
€6510 (2009).

Prato, M., Gallo, V., Giribaldi, G., Aldieri, E. & Arese, P. Role of the NF-kB transcription pathway in
the haemozoin- and 15-HETE-mediated activation of matrix metalloproteinase-9 in human adherent
monocytes. Cell Microbiol 12, 1780-1791 (2010).

Bobade, D., Khandare, A. V., Deval, M., Shastry, P. & Deshpande, P. Hemozoin-induced activation of
human monocytes toward M2-like phenotype is partially reversed by antimalarial drugs—
chloroquine and artemisinin. Microbiologyopen 8, (2019).

Basilico, N., Tognazioli, C., Picot, S., Ravagnani, F. & Taramelli, D. Synergistic and antagonistic
interactions between haemozoin and bacterial endotoxin on human and mouse macrophages.
Parassitologia 45, 135—-40 (2003).

Omodeo-Saleg, F., Basilico, N., Folini, M., Olliaro, P. & Taramelli, D. Macrophage populations of
different origins have distinct susceptibilities to lipid peroxidation induced by B-haematin (malaria
pigment). FEBS Lett 433, 215-218 (1998).

Cassetta, L., Cassol, E. & Poli, G. Macrophage Polarization in Health and Disease. The Scientific World
JOURNAL 11, 2391-2402 (2011).

Gordon, S. Alternative activation of macrophages. Nat Rev Immunol 3, 23-35 (2003).

Murray, P. J. et al. Macrophage Activation and Polarization: Nomenclature and Experimental
Guidelines. Immunity 41, 14-20 (2014).

Klinkhamhom, A. et al. M1 macrophage features in severe Plasmodium falciparum malaria patients
with pulmonary oedema. Malar J 19, 182 (2020).

Owino, F. et al. Placental malaria infection is associated with downregulation of STAT-6 and ANG-1
in decidual macrophages. Front Immunol 16, (2025).

Weinberg, J. B. et al. Monocyte polarization in children with falciparum malaria: relationship to nitric
oxide insufficiency and disease severity. Sci Rep 6, 29151 (2016).

Polimeni, M. et al. Haemozoin Induces Early Cytokine-Mediated Lysozyme Release from Human
Monocytes through p38 MAPK- and NF-kappaB- Dependent Mechanisms. PLoS One 7, e39497
(2012).

Jaramillo, M., Godbout, M. & Olivier, M. Hemozoin Induces Macrophage Chemokine Expression
through Oxidative Stress-Dependent and -Independent Mechanisms. The Journal of Immunology
174, 475-484 (2005).



631
632

633
634

635
636
637

638
639

640
641

642
643

644
645
646

647
648

649
650
651

652
653

654
655
656

657
658
659

660
661
662

663
664

665
666

667
668
669

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Chen, S. et al. Macrophages in immunoregulation and therapeutics. Signal Transduct Target Ther 8,
207 (2023).

Wang, N., Liang, H. & Zen, K. Molecular Mechanisms That Influence the Macrophage M13€“M2
Polarization Balance. Front Immunol 5, (2014).

Sherry, B. A. et al. Malaria-specific metabolite hemozoin mediates the release of several potent
endogenous pyrogens (TNF, MIP-1 alpha, and MIP-1 beta) in vitro, and altered thermoregulation in
vivo. J Inflamm 45, 85-96 (1995).

Grau, G. E. et al. Tumor Necrosis Factor and Disease Severity in Children with Falciparum Malaria.
New England Journal of Medicine 320, 1586—1591 (1989).

Kwiatkowski, D. et al. TNF concentration in fatal cerebral, non-fatal cerebral, and uncomplicated
Plasmodium falciparum malaria. The Lancet 336, 1201-1204 (1990).

Dobbs, K. R., Crabtree, J. N. & Dent, A. E. Innate immunity to malaria—The role of monocytes.
Immunol Rev 293, 8-24 (2020).

Jaramillo, M., Gowda, D. C., Radzioch, D. & Olivier, M. Hemozoin Increases IFN-y-Inducible
Macrophage Nitric Oxide Generation Through Extracellular Signal-Regulated Kinase- and NF-kB-
Dependent Pathways. The Journal of Immunology 171, 4243—-4253 (2003).

Chua, C. L. L., Brown, G., Hamilton, J. A., Rogerson, S. & Boeuf, P. Monocytes and macrophages in
malaria: protection or pathology? Trends Parasitol 29, 26—34 (2013).

Rynikova, M. et al. Transcriptomic Analysis of Macrophage Polarization Protocols: Vitamin D3 or IL-4
and IL-13 Do Not Polarize THP-1 Monocytes into Reliable M2 Macrophages. Biomedicines 11, 608
(2023).

Hoppenbrouwers, T. et al. Functional differences between primary monocyte-derived and THP-1
macrophages and their response to LCPUFAs. PharmaNutrition 22, 100322 (2022).

Tedesco, S. et al. Convenience versus Biological Significance: Are PMA-Differentiated THP-1 Cells a
Reliable Substitute for Blood-Derived Macrophages When Studying in Vitro Polarization? Front
Pharmacol 9, (2018).

Cambier, S., Gouwy, M. & Proost, P. The chemokines CXCL8 and CXCL12: molecular and functional
properties, role in disease and efforts towards pharmacological intervention. Cell Mol Immunol 20,
217-251 (2023).

Schmidt-Weber, C. B., Alexander, S. I., Henault, L. E., James, L. & Lichtman, A. H. IL-4 Enhances IL-10
Gene Expression in Murine Th2 Cells in the Absence of TCR Engagement. The Journal of Immunology
162, 238-244 (1999).

Yao, Y., Li, W., Kaplan, M. H. & Chang, C.-H. Interleukin (IL)-4 inhibits IL-10 to promote IL-12
production by dendritic cells. J Exp Med 201, 1899—-1903 (2005).

Egan, T. J. Physico-chemical aspects of hemozoin (malaria pigment) structure and formation. J Inorg
Biochem 91, 19-26 (2002).

Rey-Giraud, F., Hafner, M. & Ries, C. H. In Vitro Generation of Monocyte-Derived Macrophages
under Serum-Free Conditions Improves Their Tumor Promoting Functions. PLoS One 7, e42656
(2012).



670
671
672

673
674

675
676
677

678
679
680

681
682
683
684

685
686
687

688
689
690

691
692
693

694
695
696

697
698
699

700
701

702
703

704
705

706
707
708
709

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Olliaro, P. et al. Phagocytosis of Hemozoin (Native and Synthetic Malaria Pigment), and Plasmodium
falciparum Intraerythrocyte-Stage Parasites by Human and Mouse Phagocytes. Ultrastruct Pathol
24, 9-13 (2000).

Giribaldi, G. et al. Involvement of Inflammatory Chemokines in Survival of Human Monocytes Fed
with Malarial Pigment. Infect Immun 78, 4912-4921 (2010).

Pichyangkul, S., Saengkrai, P. & Webster, H. K. Plasmodium falciparum pigment induces monocytes
to release high levels of tumor necrosis factor-alpha and interleukin-1 beta. Am J Trop Med Hyg 51,
430-5 (1994).

Schwarzer, E., Alessio, M., Ulliers, D. & Arese, P. Phagocytosis of the Malarial Pigment, Hemozoin,
Impairs Expression of Major Histocompatibility Complex Class Il Antigen, CD54, and CD11c in Human
Monocytes. Infect Immun 66, 1601-1606 (1998).

Skorokhod, O. A., Alessio, M., Mordmidiller, B., Arese, P. & Schwarzer, E. Hemozoin (Malarial
Pigment) Inhibits Differentiation and Maturation of Human Monocyte-Derived Dendritic Cells: A
Peroxisome Proliferator-Activated Receptor-y-Mediated Effect. The Journal of Immunology 173,
4066-4074 (2004).

Taramelli, D., Recalcati, S., Basilico, N., Olliaro, P. & Cairo, G. Macrophage Preconditioning with
Synthetic Malaria Pigment Reduces Cytokine Production via Heme Iron-Dependent Oxidative Stress.
Laboratory Investigation 80, 1781-1788 (2000).

Schwarzer, E., Kiihn, H., Valente, E. & Arese, P. Malaria-parasitized erythrocytes and hemozoin
nonenzymatically generate large amounts of hydroxy fatty acids that inhibit monocyte functions.
Blood 101, 722-728 (2003).

Ecker, J., Liebisch, G., Grandl, M. & Schmitz, G. Lower SCD expression in dendritic cells compared to
macrophages leads to membrane lipids with less mono-unsaturated fatty acids. Immunobiology 215,
748-755 (2010).

Taramelli, D. et al. The Heme Moiety of Malaria Pigment (B-Hematin) Mediates the Inhibition of
Nitric Oxide and Tumor Necrosis Factor-a Production by Lipopolysaccharide-Stimulated
Macrophages. Exp Parasitol 81, 501-511 (1995).

Forrester, M. A. et al. Similarities and differences in surface receptor expression by THP-1
monocytes and differentiated macrophages polarized using seven different conditioning regimens.
Cell Immunol 332, 58-76 (2018).

Mahittikorn, A. et al. Elevation of serum interleukin-1p levels as a potential indicator for malarial
infection and severe malaria: a meta-analysis. Malar J 21, 308 (2022).

Gicquel, T. et al. ILr1pB production is dependent on the activation of purinergic receptors and NLRP3
pathway in human macrophages. The FASEB Journal 29, 4162—-4173 (2015).

Cornut, M., Bourdonnay, E. & Henry, T. Transcriptional Regulation of Inflammasomes. Int J Mol Sci
21, 8087 (2020).

Prato, M., Giribaldi, G., Polimeni, M., Gallo, V. & Arese, P. Phagocytosis of Hemozoin Enhances
Matrix Metalloproteinase-9 Activity and TNF-a Production in Human Monocytes: Role of Matrix
Metalloproteinases in the Pathogenesis of Falciparum Malaria. The Journal of Inmunology 175,
6436-6442 (2005).



710
711
712

713
714

715
716
717

718
719

720
721
722

723
724

725
726

727
728

729
730
731

732
733
734

735

736

737

738

739

740

741

742

743

744

745

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Candido Moura, G., Barcelos, D., Epiphanio, S. & Santos Ortolan, L. dos. Physiopathology of Malaria-
Associated Acute Respiratory Distress Syndrome. Journal of Ancient Diseases & Preventive Remedies
05, (2017).

Van den Steen, P. E. et al. Pathogenesis of malaria-associated acute respiratory distress syndrome.
Trends Parasitol 29, 346—358 (2013).

Besnard, A.-G. et al. IL-33-Mediated Protection against Experimental Cerebral Malaria Is Linked to
Induction of Type 2 Innate Lymphoid Cells, M2 Macrophages and Regulatory T Cells. PLoS Pathog 11,
1004607 (2015).

Gaw, S. L. et al. Differential Activation of Fetal Hofbauer Cells in Primigravidas Is Associated with
Decreased Birth Weight in Symptomatic Placental Malaria. Malar Res Treat 2019, 1-10 (2019).

Cassol, E., Cassetta, L., Rizzi, C., Alfano, M. & Poli, G. M1 and M2a Polarization of Human Monocyte-
Derived Macrophages Inhibits HIV-1 Replication by Distinct Mechanisms. The Journal of Immunology
182, 6237-6246 (2009).

Corbett, Y. et al. Involvement of Nod2 in the innate immune response elicited by malarial pigment
hemozoin. Microbes Infect 17, 184—-194 (2015).

Omodeo-Sale, F. et al. Accelerated senescence of human erythrocytes cultured with Plasmodium
falciparum. Blood 102, 705711 (2003).

Graziano, F., Vicenzi, E. & Poli, G. Human Monocyte-Derived Macrophages (MDM): Model 2. in 97—
101 (2022). doi:10.1007/978-1-0716-1871-4_9.

Minato, K., Laan, L. C., van Die, I. & Mizuno, M. Pleurotus citrinopileatus polysaccharide stimulates
anti-inflammatory properties during monocyte-to-macrophage differentiation. Int J Biol Macromol
122, 705-712 (2019).

Genin, M., Clement, F., Fattaccioli, A., Raes, M. & Michiels, C. M1 and M2 macrophages derived from
THP-1 cells differentially modulate the response of cancer cells to etoposide. BMC Cancer 15, 577
(2015).

Figure legends

Figure 1. Macrophage polarization. Macrophage polarization markers evaluated as mRNA expression

levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (filled columns — panels

A and B) and dTHP-1 cells (striped columns — panels C and D) after 24 h of incubation with polarizing

stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was evaluated by Real-Time PCR

analysis. Results are expressed as fold change calculated by the AACt method. Data are presented as mean

+ standard deviation from four different donors for MDM and from at least three independent experiments for

dTHP-1. CXCL-8, TNF-a, IL-1B, IL-6 and IL-10 protein levels were measured by ELISA and expressed as %

of the control, with data represented as the mean + standard deviation. Statistical analysis was performed
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using one-way ANOVA followed by Dunnett’s post-hoc test, comparing each gene or protein against MO
(untreated macrophages). Statistical significance is denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001;

**p < 0.0001.

Figure 2. STAT6 phosphorylation. Western Blot analysis of STAT6 phosphorylation in primary MDM (A)
and dTHP-1 cells (C) in control cells or cells treated with hemozoin (HZ). Relative expressions of total STAT6
and pSTAT6 normalized on B-actin in MDM (B) and dTHP-1 cells (D) were assessed in M2-like
macrophages. Data are the mean £ SD from three different donors for MDM and from three independent
experiments for dTHP-1. Statistical analysis was performed using an unpaired two-tailed t-test for each

transcription factor and comparing the data versus the control M2-macrophages not incubated with HZ.

Figure 3. HZ phagocytosis by M0, M1, M2 macrophages. Representative images of MDM (A) or dTHP-1
(B) after 24h of incubation with polarizing stimuli in the presence or absence of HZ. Images were captured by
using a Nikon Eclipse Ti-Series with 20x objective and the digital camera Nikon Digital Sight. Scale bar: 100

pm.

Figure 4. Effect of HZ on MO macrophages. Macrophage polarization markers evaluated as mRNA
expression levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (full columns
— panels A, B) and dTHP-1 cells (striped columns — panels C, D) after 24 h incubation with HZ alone in the
absence of other polarizing stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was
evaluated by Real-Time PCR analysis. Results are expressed as fold change calculated by the AACt
method. Data are presented as mean + standard deviation from four different donors for MDM and from at
least three independent experiments for dTHP-1. CXCL-8, TNF-a, IL-18, IL-6 and IL-10 protein levels were
measured by ELISA and expressed as % of the control, with data represented as the mean + standard
deviation. Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein in
comparison to control (MO - unpolarized macrophages). Statistical significance is denoted as follows: *p <

0.05; ** p < 0.01; ***p < 0.001.

Figure 5. Effect of HZ on M1 macrophages. Macrophage polarization markers evaluated as mRNA
expression levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (filled
columns — panels A, B) and dTHP-1 cells (striped columns — panels C, D) after 24 h incubation with HZ and
MZ1-polarizing stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was evaluated by
Real-Time PCR analysis. Results are expressed as fold change calculated by the AACt method. Data are

presented as mean + standard deviation from four different donors for MDM and from at least three
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independent experiments for dTHP-1. CXCL-8, TNF-aq, IL-18, IL-6 and IL-10 protein levels were measured
by ELISA and expressed as % of the control, with data represented as the mean + standard deviation.
Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein, comparing the
data versus the control (M1-stimulated macrophages). Statistical significance is denoted as follows: *p <

0.05; **p < 0.01; ***p < 0.001.

Figure 6. HZ effect on dTHP-1 polarized with M1 stimuli used for MDM. M1 macrophage polarization
markers assessed as mRNA expression levels (panel A) and protein secretion levels in cell supernatants
(panel B) in dTHP-1 macrophages after 24 h incubation with HZ and M1-polarizing stimuli used for MDM
(IFN-y +TNF-a). Gene expression of CXCL8, IL1B and IL6 was evaluated by Real-Time PCR analysis.
Results are expressed as fold change calculated by the AACt method. Data are presented as mean *
standard deviation from three independent experiments for dTHP-1. CXCL-8, IL-18 and IL-6 protein levels
were measured by ELISA and expressed as % of the control, with data represented as the mean * standard
deviation. Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein,
comparing the data to the control (M1-stimulated macrophages). Statistical significance is denoted as

follows: *p < 0.05.

Figure 7. Effect of HZ on M2 macrophages. Macrophage polarization markers evaluated as mRNA
expression levels (panels A, C) and protein secretion in the supernatants (panels B, D) in MDM (filled
columns — panels A, B) and dTHP-1 cells (striped columns — panels C, D) after 24 h of incubation with HZ
and M2-polarizing stimuli. Gene expression of CXCL8, TNFA, IL1B, IL6, IL10 and PPARG was evaluated by
Real-Time PCR analysis. Results are expressed as fold change calculated by the AACt method. Data are
presented as mean + standard deviation from four different donors for MDM and from at least three
independent experiments for dTHP-1. CXCL-8, TNF-aq, IL-18, IL-6 and IL-10 protein levels were measured
by ELISA and expressed as % of the control, with data represented as the mean + standard deviation.
Statistical analysis was performed using an unpaired two-tailed t-test for each gene or protein and comparing
the data versus the control (M2-stimulated macrophages). Statistical significance is denoted as follows: *p <

0.05; *p < 0.01.

Figure 8. Schematic representation of the results. Macrophage polarization markers evaluated as mRNA
expression levels (gene) and protein secretion in the supernatants (protein) in MO/M1/M2 macrophages

(MDM or dTHP-1 cells) in the presence of hemozoin.



