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Abstract: Gaucher disease (GD) is an autosomal recessive disorder caused by bi-allelic GBA1 muta-
tions that reduce the activity of the lysosomal enzyme β-glucocerebrosidase (GCase). GCase catalyzes
the conversion of glucosylceramide (GluCer), a ubiquitous glycosphingolipid, to glucose and ce-
ramide. GCase deficiency causes the accumulation of GluCer and its metabolite glucosylsphingosine
(GluSph) in a number of tissues and organs. In the immune system, GCase deficiency deregulates
signal transduction events, resulting in an inflammatory environment. It is known that the comple-
ment system promotes inflammation, and complement inhibitors are currently being considered as a
novel therapy for GD; however, the mechanism by which complement drives systemic macrophage-
mediated inflammation remains incompletely understood. To help understand the mechanisms
involved, we used human GD-induced pluripotent stem cell (iPSC)-derived macrophages. We
found that GD macrophages exhibit exacerbated production of inflammatory cytokines via an innate
immune response mediated by receptor 1 for complement component C5a (C5aR1). Quantitative
RT-PCR and ELISA assays showed that in the presence of recombinant C5a (rC5a), GD macrophages
secreted 8–10-fold higher levels of TNF-α compared to rC5a-stimulated control macrophages. PMX53,
a C5aR1 blocker, reversed the enhanced GD macrophage TNF-α production, indicating that the
observed effect was predominantly C5aR1-mediated. To further analyze the extent of changes
induced by rC5a stimulation, we performed gene array analysis of the rC5a-treated macrophage
transcriptomes. We found that rC5a-stimulated GD macrophages exhibit increased expression of
genes involved in TNF-α inflammatory responses compared to rC5a-stimulated controls. Our results
suggest that rC5a-induced inflammation in GD macrophages activates a unique immune response,
supporting the potential use of inhibitors of the C5a-C5aR1 receptor axis to mitigate the chronic
inflammatory abnormalities associated with GD.

Keywords: gaucher disease; induced pluripotent stem cells (iPSC); macrophages; complement; C5a;
inflammation; TNF-alpha; gene arrays; GBA1; β-glucocerebrosidase

1. Introduction

Gaucher disease (GD) is the most frequent lipid storage disease, affecting about 1 in
1000 individuals in the Ashkenazi Jewish population, and 1 in 50,000 individuals in the
general population [1]. The GD genotypes are caused by a variety of more than 500 unique
mutations distributed along the 7.6 kb GBA1 gene, including recombinations with the adja-
cent GBAP1 pseudogene [2–4]. GBA1 encodes the lysosomal enzyme β-glucocerebrosidase
(GCase), which catalyzes the hydrolysis of glucosylceramide to glucose and ceramide.
GCase deficiency results in a large accumulation of glucosylceramide (GluCer), particularly

Int. J. Mol. Sci. 2021, 22, 9912. https://doi.org/10.3390/ijms22189912 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-8244-2555
https://doi.org/10.3390/ijms22189912
https://doi.org/10.3390/ijms22189912
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22189912
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22189912?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 9912 2 of 15

in the lysosomes of GD macrophages [5,6], due to their inability to break down GluCer
present on the membrane of phagocytosed aged red blood cells. Other leukocytes are
also affected in GD, leading to chronic inflammation and in some cases, development
of B-cell and T-cell lymphomas [7–11]. The accumulation of GluCer and its deacylated
derivative glucosylsphingosine (GluSph) has also been reported in iPSC-neuronal cells
derived from GD patients [12,13]. The abnormal elevation of glucosylsphingolipids in type
1 GD results in anemia, excessive bruising, hepato-splenomegalia, and bone pathologies
including reduced bone mineral density, avascular necrosis, and bone infarctions [14,15].
In neuronopathic, types 2 and 3 GD, there is fatal neurodegeneration in addition to visceral
abnormalities [15]. At the subcellular level, tubular structured lysosomes form in giant
macrophages that become engorged with undigested lipid. Pathological macrophages have
elevated expression of cytokines, chemokines, and complement, leading to chronic systemic
inflammation [16–18]. Currently, the primary treatment for the visceral abnormalities of
GD is enzyme replacement therapy (ERT) with recombinant glucocerebrosidase (rGCase),
and more recently, substrate reduction therapy (SRT) with GluCer synthase inhibitors [1,19].
However, ERT and SRT do not completely prevent inflammation, the increased risk of
malignancies, or the hepatic fibrosis associated with GD [20–26]. Complement inhibitors
have shown recent promise as an adjunctive therapy for GD in murine models, but their
biological mechanisms of action remain unknown [21,27].

The complement system consists of more than 20 proteins that interact with each other
to produce inflammatory mediators, promote phagocytosis, and form the membrane attack
complex (MAC). Mouse models of GD with pharmacologically induced GCase deficiency,
and mice with Gba1 mutations, exhibit tissue deposition of the complement component C3b,
and high serum levels of C5a [21]. Additionally, the sera of untreated GD patients exhibit
very high C5a concentrations compared to those of healthy subjects [21]. Macrophages
have receptors that interact with the potent opsonin C3b, and receptors that bind C5a to
initiate inflammation. The complement cascade acts through two major pathways, classical
(stimulated by antibodies) and alternative (stimulated by C3 hydrolysis). Complement
component C5 initiates the “late” events of complement activation and is cleaved by C5
convertases into two fragments, C5a and C5b. C5a is an inflammatory peptide that is
essential in the innate immune response, and also recruits adaptive immune cells through
the induction of macrophage-secreted chemokines. C5b initiates the assembly of the
MAC complex, a ring of complement proteins that form a lethal pore in the membrane of
pathogens and other target cells.

It has been recently reported that C5a receptor-deficient mice were protected from
GluCer accumulation in pulmonary macrophages, and that mouse survival was markedly
increased, suggesting that C5a may play a role in GD pathogenesis [21]. The increased C5a
levels detected in GD patient sera are thought to result from the presence of GluCer-specific
auto-antibody immune complexes (IC) that activate the classical pathway of the complement
system [21]. Elevated complement component C5a causes the release of TNF-α and other
pro-inflammatory mediators by macrophages, leading to chronic inflammation [21,28–31].
Many studies have shown that the inflammatory process initiated by elevated TNF-α and
the concomitant increase in ROS production can induce DNA damage, which may lead
to cancer [28,29,32–36]. Thus, C5a-mediated inflammation in GD could, in the long-term,
contribute to the development of cancers [20–22,37–39].

In addition to the adaptive immune response mediated by interactions of B cells
and T cells with macrophages, there is an aberrant innate immune component caused by
increased C5a levels alone, which is the focus of this study. We hypothesized that when
GD iPSC-derived macrophages are exposed to recombinant human C5a (rC5a), these cells
would recapitulate the exacerbated inflammatory response of Gaucher macrophages in
patients. To study the consequences of complement-induced inflammation, we carried
out transcriptomic analysis of rC5a-treated GD iPSC-derived macrophages. Our results
revealed that in these cells, the pro-inflammatory action of the complement system is pre-
dominantly driven by the C5a-C5aR1 axis. Incubation of GD macrophages with exogenous
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rC5a led to elevated expression of TNF-α signaling pathway genes and dysregulation of the
hepatic fibrosis pathway. Our results further suggest that C5a-C5aR1-inhibiting therapies
may lessen the risk of potentiated inflammation, thereby diminishing the pathologies
caused by overabundant C5a present in GD patient sera [21].

2. Results and Discussion

In this study. we used human iPSC-derived macrophages to investigate the role of C5a
in innate inflammatory responses of GD vs. control macrophages (Supplemental Table S1).
We previously showed that GD iPSC-derived macrophages are hypersensitive to LPS, and
that they produce increased levels of IL-1β and TNF-α, recapitulating the elevation of these
cytokines in sera of GD patients [16]. Here, we show that recombinant C5a activates a
significant TNF-α inflammation response in human GD macrophages, which is similar to
that seen in animal models of GD [21]. Specifically, TNF-α induction by C5a was previously
demonstrated in dendritic cells co-cultured with CD4+ T cells from Gba19V/- knockout
mice [21]. Below, we describe the dysregulation of downstream gene expression caused
by activation of the C5a-C5aR1 axis, and show that these effects are directly caused by
GCase deficiency. We also identify a set of differentially expressed genes (DEGs) between
unstimulated GD and control macrophages. As global transcriptome changes have not been
previously studied in human Gaucher macrophages or in the context of rC5a stimulation,
our results represent an important step in understanding how C5a-C5aR1 axis stimulation
contributes to chronic inflammation in GD patients.

As shown in Supplemental Figure S1, flow cytometry analysis showed that up to 95%
of iPSC-derived macrophage were positive for the monocyte/macrophage lineage markers
CD14 and CD68. All resting macrophages that were produced were phagocytic, and GD
macrophages displayed normal C3b-mediated phagocytosis via the classical pathway
(Supplemental Figure S2).

Since complement components C3b and C5a levels are both increased in GD mouse
models, we sought to determine if their respective effector functions would be altered
in human macrophages. We first compared Fcγ receptor- and C3b receptor-mediated
phagocytosis. As shown in Supplemental Figure S2, phagocytic activity between con-
trol and GD macrophages was comparable in Fcγ- and complement-dependent assays.
Therefore, if sufficient C3b is provided, then GD macrophages phagocytose normally.
Given that complement component C3b-mediated phagocytosis was not defective, we next
sought to determine if GD macrophages had an aberrant response to stimulation of the
C5a-C5aR1 axis.

2.1. Recombinant C5a Induces an Elevated TNF-α-Mediated Inflammatory Response in
GD Macrophages

Based on the current literature, the only complement component that is markedly ele-
vated in GD patient sera is C5a [21]. To determine if C5a plays a role in altered responses of
GD macrophages, we examined if C5a had an effect on inflammation, its macrophage effec-
tor function. To this end, we incubated control and GD macrophages in media containing
recombinant human C5a (rC5a) and analyzed their inflammatory responses. Quantitative
RT-PCR analysis showed that rC5a incubation for 2 h caused a significant upregulation
of inflammatory gene expression in both control and GD macrophages, but the increase
in levels of Tumor Necrosis Factor alpha (TNF-α) mRNA were significantly higher in
GD cells. The rC5a-mediated induction of TNF-α mRNA in control macrophages was
~9-fold, whereas in GD macrophages it was ~56-fold, representing a ~6-fold increase in
sensitivity to rC5a (Figure 1A). ELISA assays were performed on culture supernatants to
measure TNF-α cytokine secretion. After stimulation with rC5a for 8 h, GD macrophages
were found to secrete higher levels of TNF-α into the culture medium than C5a-treated
control macrophages (Figure 1B). The inflammatory response observed in GD macrophages
was presumably initiated by C5a alone, independently of other upstream components in
the classical pathway, since no additional complement proteins were exogenously intro-
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duced. From these experiments, we conclude that GD macrophages express and release
significantly more TNF-α in response to stimulation by rC5a than controls.
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Figure 1. GD macrophages have increased TNF-α gene expression and secretion in the presence
of rC5a (A) GD and control Inflammatory Gene Expression in iPSC-derived macrophages with 2 h of
rC5a (30 nM) incubation. rC5a-stimulated cells were standardized to their respective unstimulated
counterparts. Significance was determined using an independent-samples t-test. The primer sets that
were used for the qRT-qPCR analysis (n = 3) are described in Supplemental Table S2, (B) ELISA of
TNF-α in iPSC-derived macrophages with 8 h of rC5a (3 nM) incubation. Significance was determined
using an ANOVA (n = 3), * p < 0.05, *** p < 0.001, **** p < 0.0001.

To determine if the increased expression of TNF-α by GD macrophages was trig-
gered by the binding of rC5a to its receptor, C5aR1 was blocked by pretreatment of cells
with PMX53, a C5aR1 antagonist, prior to stimulation with rC5a. As shown in Figure 2,
C5aR1 blockade prevented the rC5a-induced increase in TNF-α cytokine secretion by GD
macrophages. Incubation of the GD macrophages with recombinant GCase (rGCase) also
prevented the rC5a-induced increase in TNF-α production, demonstrating that the rC5a
effects observed were not an artifact of the iPSC system, but were indeed due to the loss of
GCase in the mutant cells (Figure 2), which leads to substrate accumulation. Our results
suggest that in the absence of functional GCase, rC5a stimulation triggers an abnormal
increase in cytokine production, in agreement with the idea that GCase enzyme activity is
required for a balanced inflammatory response of macrophages [18,40–43].
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Figure 2. C5aR1 antagonist or rGCase effectively prevent excess secretion of TNF-α. GD
macrophages were stimulated with rC5a (3 nM) in the presence or absence of PMX53 (50 nM)
at 37 ◦C for 8 h. Recombinant GCase (0.24 U/mL) was added to the media every 24 h for 3 days prior
to rC5a stimulation. The supernatant was collected and quantified for the expression of TNF-α by
ELISA. Results are represented as the mean (n = 3; *** p < 0.001, **** p < 0.0001).

2.2. Microarray Analysis of GD Macrophages

To further investigate the effects of increased sensitivity of GD macrophages to rC5a,
we examined transcriptomic differences between control and GD macrophages before and
after rC5a treatment. Our analyses indicate that after a 4 h incubation with rC5a, of the
>24,000 genes analyzed, 855 genes were differentially expressed between control and GD
macrophages (Figures 3 and 4 and Supplemental Table S3A–C). The distribution of the
Differentially Expressed Genes (DEGs) in the presence of rC5a is shown in the Volcano
Plot in Figure 3, pinpointing the genes with the largest magnitude of fold-change that are
considered statistically significant. The heat map shown in Figure 4 represents the total
number of 440 downregulated DEGs and 415 upregulated DEGs found in the C5a-treated
gene set. Gene Ontology analyses further compared untreated GD vs. control and GD-C5a
vs. control-C5a and identified the top pathways with the highest number of DEGs in each
group. The upper heatmap shows that some of the aforementioned DEGs in untreated GD
vs. untreated controls (VNN2, CAT, NAPRT, and TDO2) are specifically involved in the pro-
duction of nitric oxide and reactive oxygen species (Figure 4 and Supplemental Table S3A).
Genes from lipid biosynthesis pathways from this group comparison (DHCR7, MSMO1,
SLC27A2, and FASN) are also shown in Figure 4. The bottom heatmap shows that the top
DEGs between GD-C5a vs. control-C5a are involved in hepatic fibrosis (EDN1 and PDGFA),
NF-κB (IL1R2, TNFRSF11A, NFKBID, and BMP2), and in immune responses (IL18R1, IRF1,
TNFSF18, IFNLR1, DKK2 and CCL1) (Figure 4). The results of this microarray analysis were
validated by quantitative real-time PCR (qRT-PCR) of select genes, including CAT, DKK2,
FOS, and GPNMB (Figure 5).
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and “rC5a-stimulated” heatmaps. Overexpression is shown in red, under-expression in blue (n = 2).
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Figure 5. qRT-PCR validation of select genes from the gene array. qRT-PCR validation of genes
selected from the microarray profile. Total RNA from the macrophage preparations was analyzed
by qRT-PCR for the expression of a subset of genes randomly selected from those up- or down-
regulated genes after 4 h of incubation with rC5a (30 nM). Expression changes were standardized to
GAPDH. Results are presented as relative gene expression. (n = 3; * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001).

2.3. Differentially Expressed Genes between Untreated GD vs. Control Macrophages
2.3.1. Redox Imbalance

Supplemental Table S3A shows a list of differentially expressed genes (DEGs) in
unstimulated GD vs. control macrophages. These DEGs were principally associated with
the oxidative-stress responses. In particular, CAT and VNN2 were found to be more highly
expressed in control macrophages and were among the genes with the highest relative
fold-change. The CAT gene encodes catalase, a key antioxidant enzyme that protects
aerobic cells from reactive oxygen species (ROS). GD patients are primed for oxidative
response complications because they are known to have a severe redox imbalance partially
caused by alterations in catalase activity [44]. While plasma from GD patients has elevated
catalase enzymatic activity, GD RBCs have significantly lower catalase activity [18,45].
We found that unstimulated GD macrophages express significantly lower levels of CAT,
the gene that encodes for catalase, than unstimulated control macrophages. Our data
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suggest that the low basal CAT mRNA expression in GD macrophages may contribute to
reduced ROS detoxification (Supplemental Table S3C). Additionally, VNN2 encodes an
enzyme of the vascular non-inflammatory molecule (Vanin) family, reported to be involved
in the oxidative stress response [46]. NAPRT, which is more highly expressed by GD
macrophages, encodes nicotinate phosphoribosyl transferase, the first enzyme involved in
the nicotinic acid (NA) pathway of cellular redox reactions [46]. Macrophages activated by
oxidative stress can exhibit an increased or chronic inflammatory response [47]. As GD
patients have oxidative response complications, our results appear to reflect the known
redox imbalance in GD patients.

2.3.2. Gene Array Analysis Indicates Dysregulated Cholesterol Metabolism in GD

Our analysis showed that several genes involved in cholesterol biosynthesis, fatty
acid degradation, and lipoprotein metabolism were downregulated in GD macrophages
(e.g., DHCR7, MSMO1, SLC27A2, CYP51A1, FASN, APOC1, and APOE) (Figure 4) [43].
Genetic defects in cholesterol metabolism are primarily associated with neuropathology.
In particular, DHCR7 and MSMO1 were previously found to be down-regulated upon
injection of mice with conduritol B-epoxide (CBE), an irreversible inhibitor of GCase
that recapitulates a number of alterations found in GD [43]. Thus, the defective lipid
biosynthesis and lipoprotein metabolism of human iPSC-macrophages also reflects known
GD pathology.

2.3.3. Gene Array Analysis Suggests Potential New Biomarkers for GD

In agreement with a recent publication by Lugowska et al. using GD fibroblasts [18],
we found that GD macrophages exhibited significant up-regulation of a number of other
immune response genes, including IFIT1, IFIT2, MX1, OAS2, and LY6E [18]. Future
experiments will explore whether any of these genes could be used as potential new
GD biomarkers.

2.4. rC5a-Stimulated GD vs. rC5a-Stimulated Control Macrophages
2.4.1. Pathway Analysis

We then performed Gene Ontology analysis on GD and control macrophages incu-
bated with and without exogenous rC5a. These Ingenuity Pathway analyses revealed that
the genes most differentially expressed between rC5a-stimulated GD and rC5a-stimulated
control macrophages were associated with hepatic fibrosis and immune signaling pathways
(Supplemental Table S4).

2.4.2. C5a Treatment of GD Macrophages Upregulates Genes Involved in Hepatic Fibrosis

The biological pathway with the highest number of log fold-change DEGs (Supplemental
Tables S3 and S4) upon C5a treatment is involved in hepatic fibrosis, a well-studied,
long-term clinical manifestation of GD [2,26,48,49]. Hepatomegaly and liver fibrosis are
a common condition in GD patients, which is associated with infiltration of the liver by
pathological macrophages [48]. Although ERT and SRT treatment improves hepatocellular
damage, GD patients still exhibit mildly increased markers of hepatic damage and an
increased rate of steatosis that are not completely corrected by these treatments [26].

Our analysis revealed that C5a strongly induced hepatic fibrosis pathway gene ex-
pression in both GD and control macrophages (BCL2, CCL2, CCL3, CCND1, IKBKE, IL1B,
IL1R2, IL1RN, IRAK2, ITGB3, MAP2K3, MYC, and RND3). Of note, EDN1 and PDGFA,
which are specific drivers of hepatic fibrosis [50–52], were upregulated in rC5a-treated GD
macrophages, but not rC5a-treated control cells. As macrophages are the most abundant
immune cells in the liver, and they play a key role in injury and repair during liver dis-
ease [53], our results suggest that the increased susceptibility of GD macrophages to C5a
dysregulation of genes involved in hepatic fibrosis may contribute to aggravation of this
condition in GD patients [51,53,54].
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2.4.3. Inflammatory Gene Expression Profile Induced by rC5a in GD Macrophages

The proinflammatory cytokine TNF-α is critical in determining the outcome of a
macrophage-mediated immune response [55]. We found that the highest relative fold-
change in genes differentially expressed between rC5a-stimulated control and rC5a-
stimulated GD macrophages corresponded to TNF-α and many other important genes
involved in the immune response (Supplemental Tables S3B and S4). TNF, additional in-
flammatory cytokines, and cytokine regulators such as CCL1, TNFRSF11A, IFNLR1, CCL24,
TNFRSF10A, AREG, and IFITM3, were all elevated in rC5a-induced GD macrophages.
In particular, CCL1 and CCL24 primarily function in eosinophil and regulatory T cell
trafficking. TNF receptors (TNFRSF11A and TNFRSF10A) are important regulators of
leukocyte activation and promote the activation of Nuclear Factor kappa B (NF-κB)
(Supplemental Table S3B). IFNLR1 encodes an IFN-λ cytokine receptor complex that is
important for antiviral immune defense and has been found to promote immune dysreg-
ulation [56]. AREG, a gene induced by TNF-α, encodes Amphiregulin, a growth factor
that is associated with a number of inflammatory and autoimmune conditions [57,58].
Finally, IFITM3, another gene induced by TNF-α, encodes an antiviral protein that is
critical for phagocytic endosome formation and disrupts intracellular cholesterol home-
ostasis [59,60]. TNF-α factors regulate two major downstream signaling pathways, NF-κB
and mitogen-activated protein kinases (MAPK), implicating them as potential drivers
of GD pathology and neuroinflammation [61–65]. Thus, rC5a activates a distinct set of
inflammatory genes, preceded by high levels of TNF-α, suggesting that C5a contributes
to chronic inflammation in GD through TNF-α pathway deregulation. We should note,
however, that in future experiments additional patient lines will need to be analyzed in
order to validate these conclusions.

2.4.4. Wnt Signaling

The response to TNF also elicits cross-regulation with other important signaling
pathways [66]. In the case of GD, NF-κB and Wnt signal dysregulation are of particu-
lar consequence for axonal guidance, lysosomal loss, and bone differentiation [67–69].
Our pathway analysis of C5a stimulation identified Wnt pathway genes, which are in-
volved in development, arthritis, and cancer (Supplemental Table S4). Unstimulated GD
macrophages have lower WLS, LRP6, and CD44 expression compared to the unstimulated
control (Supplemental Table S3A). WLS encodes for a transporter of Wnt to the plasma
membrane and LRP6 encodes for the major transmembrane Wnt co-receptor. Their reduced
steady-state expression in unstimulated GD macrophages indicate a consistent downregu-
lation of Wnt signaling activity compared to controls. We found that upon C5a treatment,
GD macrophages increase expression of regulatory Wnt pathway genes, including DKK2,
which can activate or inhibit canonical Wnt signaling, potentially leading to C5a-induced
dysregulation of this pathway (Figures 3 and 5, Supplemental Table S3B). Future studies
will be needed to clarify the significance of the effects of C5a on Wnt signaling.

In summary, our results show that rC5a contributes to a unique innate immune
response in human GD macrophages and identifies a number of potential new regulators
that may be involved in aberrant immune responses. We also identified a set of differentially
expressed genes in untreated GD macrophages that could be used as markers for GD. Our
results provide further support for exploring the use of anti-C5a or anti-C5aR therapeutics
as an adjunctive treatment option for GD. In addition to the C5 inhibitors that are currently
in the clinic, a more specific therapy that targets the C5a protein fragment and does not
inhibit terminal MAC complex formation may lessen the risk of infection. In this regard,
C5a/C5aR inhibitors (Avacopan or Vilobelimab) may help prevent chronic inflammation
in GD and ameliorate its long-term complications [27].
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3. Materials and Methods
3.1. iPSC Lines and Directed Differentiation to Macrophages

In this study, we used iPSC lines derived from a patient with type 2 GD and from
two healthy controls (Supplemental Table S1). These control and GD iPSC lines were used
to generate monocyte-producing bioreactors as we previously described [70], with the
modification that during differentiation of iPSCs into monocytes, 10 µM of Rock inhibitor
was added to the embryoid body (EB) culture medium for 4 days.

Monocytes harvested from EBs were resuspended in macrophage differentiation
medium (RPMI (Gibco, Waltham, MA, USA))/10% FBS (Hyclone, Logan, UT, USA), sup-
plemented with 100 ng/mL hM-CSF (Miltenyi, Bergisch Gladbach, Germany), Glutamine
(Gibco, Waltham, MA, USA), and Pen/Strep (Gibco, Waltham, MA, USA) and plated in
chamber slides or 6-well plates for at least 5 days. All macrophages were analyzed within
10 days of plating.

The work with the human iPSC lines used in this study is considered non-human
research; these iPSC lines are exempt under 45 CFR Part 46. Work with these iPSC lines was
approved by the University of Maryland School of Medicine Institutional Review Board
(IRB) on 15 July 2009 (HP-42545).

3.2. Flow Cytometry

Microarray analysis was carried out at the University of Maryland Greenebaum Com-
prehensive Cancer Center Flow Cytometry Shared Service (FCSS). Induced macrophages
were fixed in paraformaldehyde, washed, and incubated in blocking buffer consisting of
PBS, human Fc Block (0.5 mg/mL, BD), 8% FBS, and 0.01% sodium azide. Cells were then
incubated with APC Mouse Anti-Human CD14, APC Mouse IgG2α, кIsotype Control, PE
Mouse Anti-Human CD68, or PE Mouse IgG2b кIsotype control (BD, San Jose, CA, USA) in
buffer containing PBS, 0.2% saponin, 8% FBS, and sodium azide, washed, and kept at 4 ◦C
until fluorescence-activated cell sorting analysis. Data were acquired by flow cytometry
using a BD FACS Canto II Cell Flow Cytometry System and analyzed using FCS Express
software (De Novo, Pasadena, CA, USA).

3.3. Measurement of Cytokine Expression by qRT-PCR

Macrophages were incubated for 2 or 4 h with 30 nM rC5a as indicated. After incu-
bation, macrophages were washed with PBS and total RNA was isolated using a RNeasy
kit with on-column DNase I digestion (Qiagen, Germantown, MD, USA). RNA samples
were quantified with a ND-1000 spectrophotometer and 65–80 ng of total RNA from
macrophages was reverse-transcribed using the iScript cDNA synthesis kit (Biorad, Her-
cules, CA, USA). For quantitative RT-PCR analyses, primers for human GAPDH, TNF-Alpha,
DKK2, FOS, GPNMB, and CAT were used (Supplemental Table S2). An Applied Biosystems
7500 Real-Time PCR system was used with Power SYBR Green Master mix (Applied Biosys-
tems, Waltham, MA, USA) at an amplification profile of 95 ◦C for 10 min, followed by
40 cycles of 95 ◦C for 15 s, and 60 ◦C for 60 s. The specificity of all reactions was determined
by melting curve analyses at the end of PCR cycles. Gene expression was calculated using
the minus delta–delta Ct method (2−∆∆Ct) method by normalizing the threshold cycle (Ct)
values against the reference gene GAPDH [67].

3.4. Measurement of Cytokine Secretion by ELISA

ELISAs were carried out at the Cytokine Core Laboratory at the Center for Innovative
Biomedical Resources (CIBR) Genomics Core Facility at the University of Maryland. To
measure TNF-α cytokine production, we used enzyme-linked immunosorbent analysis
(ELISA). Monocytic cells were cultured in 12-well plates at a density of 2 × 105 cells/well
in 1.2 mL of macrophage differentiation medium per well for 5–10 days. On the day of
analysis, cells were washed in PBS, and macrophage medium was replaced with medium
containing 3 nM recombinant human C5a (rC5a) (Sino Biological, Beijing, China #10604-
HNAE). After 8 h, macrophage culture supernatants were collected and assayed for the
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indicated cytokines by ELISA as described below. After an 8 h rC5a (3 nM) incubation,
supernatant was collected and submitted to the University of Maryland Cytokine Core
Laboratory for analysis. Where indicated, the C5aR antagonist, PMX53 (50 nM), (Sigma)
was added concurrently with rC5a during the 8 h incubation period. Where indicated, GD
iPSC macrophages were incubated with recombinant human glucocerebrosidase (rGCase)
(Cerezyme®, Genzyme, Cambridge, MA, USA) at a concentration of 0.24 U/mL for 3 days
prior to rC5a incubation. Cerezyme was obtained from patient infusion remnants. The
cytokines were measured by two-antibody ELISA using biotin-strepavidin-peroxidase
detection. Polystyrene plates Maxisorp (Nunc, Roskilde, Denmark) were coated with
capture antibody in PBS overnight at 25 ◦C. The plates were washed 4 times with 50 mM
Tris, 0.2% Tween-20, pH 7.0–7.5 and then blocked for 90 min at 25 ◦C with assay buffer
(PBS containing 4% BSA (Sigma, St. Louis, MO, USA). Then, 50 µL of sample or standard
prepared in assay buffer was added to each well and incubated at 37 ◦C for 2 h. The
plates were washed 4 times and 100 µL of biotinylated detecting antibody in assay buffer
was added and incubated for 1 h at 25 ◦C. After washing the plate 4 times, strepavidin-
peroxidase polymer in casein buffer (Research Diagnostics Inc., Flanders, NJ, USA) was
added and incubated at 25 ◦C for 30 min. The plate was washed 4 times and 100 µL of
commercially prepared substrate (TMB; Dako, Carpinteria, CA, USA) was added and
incubated at 25 ◦C for approximately 10–30 min. The reaction was stopped with 100 µL
2N HCl and the A450 (minus A650) was read on a microplate reader (Molecular Devices,
San Jose, CA, USA). A curve was fitted to the cytokine standards using SoftMaxPro 7;
Molecular Devices, San Jose, CA, USA) and cytokine concentration in each sample was
calculated from the standard curve equation.

3.5. Microarray Analysis

Microarray analysis was carried out at the Center for Innovative Biomedical Resources
(CIBR) Genomics Core Facility at the University of Maryland. Total RNA was extracted
from macrophages using a RNeasy Mini kit (Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. After processing with DNase digestion (RNase-Free DNase
set, Qiagen, Hilden, Germany) and clean-up procedures, RNA samples were quantified,
aliquoted and stored at −80 ◦C until use. For quality control, RNA purity and integrity
were evaluated by OD 260/280 ratio and analyzed on an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). Five hundred ng of total RNA was reverse transcribed
to cDNA using the GeneChipTM WT PLUS Reagent Kit (ThermoFisher, Waltham, MA,
USA). The quality of hybridization was monitored, and raw data were extracted using the
software provided by the manufacturer (Illumina GenomeStudio v2011.1 (Gene Expression
Module v1.9.0) (San Diego, CA, USA)). The overall chip performance was monitored using
the Affymetrix Expression Console Software. The raw microarray profiling data was prepro-
cessed and quartile-normalized using the Transcriptome Analysis Console Software (Ver-
sion 4.0.1) (https://www.thermofisher.com/us/en/home/life-science/microarray-analysi
s/microarray-analysis-instruments-software-services/microarray-analysis-software/affy
metrix-transcriptome-analysis-console-software.html, accessed on 1 June 2021). Ingenuity
pathway analysis was used to identify enriched Gene Ontology processes. To identify
differentially expressed mRNAs between groups, an ANOVA with an eBayes test was used.
Genes with fold-change greater than 2 and a p-value < 0.05 were considered significant.

3.6. Phagocytosis Assays
3.6.1. Fcγ-Mediated Phagocytosis

Sheep red blood cells (SRBCs) (Lampire Biologicals, Pipersville, PA, USA) were
washed several times with saline and opsonized by incubation with rabbit anti-SRBC
IgG (2 µL per 1 × 109 cells in 1 mL) (MP Biomedicals, Santa Ana, CA, USA) at 37 ◦C for
1 h with gentle agitation. RBCs were washed with saline to remove the unbound antibody.
Macrophages cultured in 24-well plates at 1 × 105 cells per well for 5 d were incubated
with opsonized RBC at a ratio of 25:1 at 37 ◦C for 1.5 h. After incubation, the cultures

https://www.thermofisher.com/us/en/home/life-science/microarray-analysis/microarray-analysis-instruments-software-services/microarray-analysis-software/affymetrix-transcriptome-analysis-console-software.html
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were washed to remove excess RBC and ammonium-chloride-potassium lysing buffer
(Lonza, Walkersville, MD, USA) was added to remove RBC attached to the surface of the
macrophages. A minimum of 300 macrophages per field was scored for the presence of
ingested RBC. Non-opsonized RBCs were used as a negative control.

3.6.2. Complement Receptor-Mediated Phagocytosis

Five mL of SRBCs were washed several times with saline. SRBCs were then washed
once with GVB + Calcium + Magnesium (GVB++) buffer (CompTech, Tyler, TX, USA) and
resuspended in 5 mL of GVB++ solution. SRBCs were counted with a hemocytometer
and the concentration was adjusted to 1 × 109/mL. SRBCs were opsonized by incubation
with rabbit anti-SRBC IgM (6 µL per 1 × 109 cells in 1 mL) (MP Biomedicals, Santa Ana,
CA) at 37 ◦C for 30 min with gentle agitation as previously described [71]. Then, SRBCs
were washed with PBS to remove the unbound antibody. Next, SRBCs were resuspended
in 1 mL of GVB++ buffer with 50 µL of C5-depleted serum (CompTech, Tyler, TX, USA
at 37 ◦C for 30 min. Macrophages that were cultured in 24-well plates at 1 × 105 cells
per well for 5 d were incubated with the SRBCs opsonized with IgM and complement to
measure binding mediated by complement receptors at a ratio of 25:1 at 37 ◦C for 1.5 h.
After incubation, the cultures were washed as described above to remove excess SRBC,
and ammonium-chloride-potassium lysing buffer (Lonza, Walkersville, MD, USA) was
added to remove SRBC still attached on the surface of the macrophages. A minimum of
300 macrophages per field was scored for the presence of ingested SRBC. IgM-opsonized
SRBCs incubated without complement were used as a negative control.

3.7. Statistics

For Figure 1A, we performed an unpaired t-test on the logarithmic transformed
measurements. We used Levene’s test for equal variances in the two groups compared
(controls vs. C5a treated cells). In the case of the TNFα controls, this led us to use the
independent-samples t-test without assuming equal variances, yielding p = 0.012. For
the GD cells, the equal variance assumption was not rejected, and in this case an equal-
variance, independent-samples t-test yielded p < 0.001. Data analyses were expressed
as the mean ± SEM and were carried out using an ANOVA with multiple comparisons
where appropriate. p values less than 0.05 (p < 0.05) were considered statistically significant.
Calculations were performed using GraphPad Prism 9 software.
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