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Abstract

Gaucher disease (GD) is an autosomal recessive lysosomal storage disorder caused by
mutations in the B-glucocerebrosidase (GCase) GBA gene, which result in macrophage
dysfunction. To investigate whether correction of GBA mutations restores normal function to
Gaucher macrophages, we performed CRISPR editing of homozygous L444P (1448T—C) GBA
mutation in Type 2 GD (GBA-/-) hiPSCs, which yielded both heterozygous (GBA+/-) and
homozygous (GBA+/+) isogenic lines. Macrophages derived from GBA-/-, GBA+/- and GBA+/+
hiPSCs, were compared for GCase enzymatic activity, motility, and phagocytosis, all of which
showed that GBA mutation correction restores normal macrophage functions. Furthermore, we
investigated whether lysosomal disorders drive susceptibility to Mycobacterium tuberculosis, by
infecting GBA-/-, GBA+/- and GBA+/+ macrophages with the virulent H37Rv lab strain. The
results showed that impaired mobility and phagocytic activity of Gaucher macrophages,
correlated with reduced levels of TB engulfment and TB multiplication, supporting the

hypothesis that GD may be protective against tuberculosis.

Introduction

Human B-glucocerebrosidase (GCase) comprises 497 amino acids with four oligosaccharide
chains coupled to specific asparagine residues [1]. GCase is a lysosomal hydrolase that breaks
down its substrates, glucosylceramide and glucosylsphingosine, into glucose, ceramide, and
sphingosine, respectively. Its deficiency causes glucosylceramide and glucosylsphingosine to
accumulate within lysosomes of Gaucher macrophages, resulting in lysosomal dysfunction. GD
is characterized by lipid-laden Gaucher macrophages that infiltrate bone marrow and other
visceral organs [2-4]. Three different clinical forms of GD (Type 1, Type 2 and Type 3) have been
identified, of which Type 2 GD is the most severe form. Since GD is a recessive disorder, the
mutations occur in both alleles of the GBA gene in patients’ cells. While the common N370S
mutation is associated with Type 1 GD, the severely destabilizing L444P (1448 T—C) mutation is
strongly associated with Type 2 and Type 3 GD. Elevated levels of inflammatory mediators
(TNFa, IL-6 and IL-1B8) have been reported in the serum of GD patients [3, 4], and GD
macrophages have been shown to have migratory defects [5, 6]. Type 1 GD, which occurs at
high frequency in Ashkenazi Jews (carrier rate ~1 in 15), is thought to have originated 800-1400
years ago [7, 8], and the persistence of this and other types of GD mutations in human populations

2


https://doi.org/10.1101/2022.11.26.517656
http://creativecommons.org/licenses/by-nc-nd/4.0/

32
33
34

35

36

37
38
39
40
41
42
43
44
45
46
47
48
49
50

51
52
53
54
55
56
57

58
59
60
61

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.26.517656; this version posted November 26, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

at relatively high levels has prompted the concept that GD mutations may confer a selective
advantage. One theory holds that GD homozygosity and/or heterozygosity may be protective

against common lethal human infections such as tuberculosis [9, 10].

Results and Discussion

We had previously reported TALEN-mediated generation of Type 2 homozygous L444P (1448
T—C) GD hiPSCs [11]. CRISPR/Cas9 editing of L444P mutations in GD (GBA-/-) hiPSCs using
sgRNA and a 100 bp single-strand oligonucleotide as the donor template, yielded isogenic lines
with heterozygous (GBA+/-) and homozygous (GBA+/+) gene correction (Fig. 1a). Since L444P
mutation results in a Nci | restriction site, we screened for GBA+/- and GBA+/+ single cell colonies
by digesting ~800 bp PCR-amplified fragment surrounding the mutant locus with Nci | (Fig. 1b).
Sequencing of the PCR-amplified DNA further confirmed the genotypes of GBA-/-, GBA+/- and
GBA+/+ hiPSCs (Fig. 1c). Expression of pluripotency markers in GBA+/- and GBA+/+ hiPSCs,
was confirmed by immunostaining using antibodies for Oct4, Sox2, Tra-1-60, Tra-1-81 and DAPI,
respectively. Karyotyping of the GBA+/- and GBA+/+ hiPSCs, established that the cells were all
normal (46XY) without any chromosomal abnormalities, like the GD hiPSCs that were
characterized previously [11]. Sequencing of eight sites closely related to the sgRNA target (Sl:
xls) in GBA+/- and GBA+/+ hiPSCs, did not reveal any indels that were induced by NHEJ, ruling
out off-target cleavage by CRISPR/Cas9 (data not shown).

We differentiated the GBA-/-, GBA+/- and GBA+/+ isogenic hiPSCs, first into monocytes, and
then into macrophages using standard protocols (Fig. 1a). Western blot analysis using a GCase
antibody, confirmed that GCase expression is partially restored in GBA+/-, and fully restored in
GBA+/+ macrophages (Fig. 1d). We also monitored the GCase activity directly in GBA-/-, GBA+/-
and GBA+/+ macrophages, using 4-methylumbelliferyl-B-D-glucosylpyranoside as the substrate
(Fig. 1e). The results confirmed partial restoration of GCase activity in GBA+/-, and full restoration
in GBA+/+ compared to GBA-/- macrophages.

To determine whether Gaucher macrophages show abnormal chemokine activation and
whether their functional defects could be reversed by L444P mutation correction, we examined
the expression profiles of TNFa, IL-6, IL-1 and IL-10 in isogenic GBA-/- GBA+/- and GBA+/+

macrophages (Fig. 2a). Significant higher levels of IL-1 expression were observed in
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homozygous GBA-/- and heterozygous GBA+/- macrophages compared to GBA+/+ GBA-
corrected macrophages. IL-1p is an important inflammatory mediator that is involved in cell
proliferation, differentiation, and apoptosis. Increased risk of cancers, autoimmune disease, and
infections associated with human GD, could be attributed to the elevated production of IL-1B by
Gaucher macrophages. Like the IL-1[, expression of the proinflammatory cytokines TNFa and
IL-6, expression routinely trends higher in isogenic Gaucher macrophages while anti-
inflammatory IL-10 appears to be unaffected by GBA mutations. Our observations are
consistent with previous studies reporting elevated TNFa, IL-6, and IL-1B expression in Gaucher
macrophages differentiated from patient-derived hiPSCs with Type 1, 2, and 3 GD, compared to

non-isogenic control cells [2, 3].

Next, we examined whether CRISPR editing of L444P mutations in GD hiPSCs, restores normal
phagocytic function and motility to Gaucher macrophages. We evaluated phagocytic functionality
of GD (GBA-/-), GBA+/- and GBA+/+ macrophages by zymosan particle engulfment assay (Fig.
2b). As expected, GD macrophages showed only minimal engulfment of zymosan particles while
phagocytosis was moderately recovered in GBA+/- macrophages. In contrast, biallelic GBA-
corrected macrophages exhibited maximal engulfment of zymosan particles, indicating L444P

mutation correction restores normal phagocytic potential to Gaucher macrophages.

Since migration is critical for macrophage immune function, we compared the mobility of GBA-/-,
GBA+/- and GBA+/+ macrophages by transwell migration assay (Fig. 2c). Like phagocytosis
phenotypes, we observed that the migratory defect of GBA-/- macrophages was partially restored
in GBA+/- macrophages, while biallelic GBA correction (GBA+/+) fully restored cell motility
compared to GD macrophages. Promisingly, our findings suggest monoallelic L444P mutation
correction may sufficiently enhance cell migration of Gaucher macrophages for a functional

immune response, which is consistent with GD being a recessive lysosomal storage disorder.

The isogenic hiPSC-derived GD and GBA-corrected macrophages offer an excellent model to
investigate whether lysosomal disorders drive susceptibility to M. tuberculosis and, whether
GBA mutation correction restores normal lysosomal functions, M. tuberculosis susceptibility and
infectivity to Gaucher macrophages. M. tuberculosis replicates in macrophages by inhibiting
phagosome-lysosome fusion. Lysosomal dysfunction might prevent the formation of stable TB
granulomas. leading to secondary necrosis and altered tuberculosis susceptibility in GD

patients. To determine how GD and GBA mutation correction affect infectivity and growth of M.
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93  tuberculosis in macrophages, we infected the isogenic GBA-/-, GBA+/- and GBA+/+

94  macrophages with M. tuberculosis H37Rv under BSL3 conditions and monitored the intracellular

95  bacterial burden within these cells (Fig. 2d). Surprisingly, the cellular environment of GD

96 macrophages appears to impair the uptake and intracellular replication of H37Rv. In contrast,

97 biallelic GBA-corrected macrophages supported robust H37Ryv infection and growth while

98 bacterial replication was static in GBA+/- macrophages. Similar results were obtained for both

99 untreated and IFNv-activated macrophages (Fig. 2d). Together, our findings suggest GD may
100 confer a level of protection against tuberculosis and that GBA mutation correction increases

101  Gaucher macrophage susceptibility to M. tuberculosis.

102  These findings lend credibility to the hypothesis that GBA-/- homozygosity and GBA+/-

103  heterozygosity are protective against tuberculosis, and this may account in part for the

104 persistence of mutations in human populations. Recently, Fan et al. [12] showed that GD-/-
105  zebrafish are resistant to infection with either M. tuberculosis or M. marinum (a closely related
106 mycobacterial species that is a natural fish pathogen) [13]. They further showed that this

107  resistance is mediated by direct anti-bacterial activity by lysosomal glucosylsphingosine, which
108 accumulates in GBA-/- macrophages to high levels. Interestingly, in contrast to our findings in
109  which GBA+/- human macrophages showed intermediate resistance to M. tuberculosis

110 infection, GBA+/- heterozygous zebrafish in their study showed equivalent susceptibility to

111  mycobacterial infection to that seen in wild-type fish. One possible explanation for this disparate
112  observation is that Fan et al. [12] studied the N370S mutation in zebrafish, commonly observed
113  in Ashkenazi Jews, which causes mild disease (non-neuropathic, Type 1) and modest life

114  expectancy defects in homozygotes and is associated with reduced but not abolished GCase
115  enzymatic activity. In contrast, our work was done with hiPSCs carrying L444P mutation in

116  heterozygotes, which drastically reduces GCase activity and causes severe disease

117  (neuropathic, Type 2) in homozygotes that leads to mortality in early childhood.

118  In summary, we demonstrate that targeted CRISPR correction of a severe GBA mutation in

119  hiPSCs, restores normal functions to Gaucher macrophages. In addition, our findings support
120 the hypothesis that GD confers protection against tuberculosis, consistent with a recent report
121  using the zebrafish model [12]. Promisingly, our study suggests that it might be feasible to

122 develop either hematopoietic (HSC) or CD34+ stem cells-based gene therapy as a permanent
123 curative alternative to the expensive life-long GCase enzyme replacement therapy, to treat Type
124 1 GD[14, 15].
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125  Figure Legends

126

127  Figure 1. CRISPR correction of GBA mutations in GD hiPSCs restores normal GCase activity to
128  Gaucher macrophages. a) Schematic diagram showing generation and genetic correction of GD
129  hiPSCs and their differentiation into macrophages. b) Genotype characterization of GBA-/-,

130 GBA+/- and GBA+/+ hiPSCs by Nci | restriction enzyme digest. ¢) Sequence profiles of the GBA
131  mutation locus in GBA-/-, GBA+/- and GBA+/+ hiPSCs. d) Western blot analysis of GCase

132 protein levels. e) GCase enzymatic activity relative to GBA+/+ cells using 4-methylumbelliferyl
133  B-D-glucopyranoside as the substrate: (GBA+/+) > (GBA+/-) > (GBA-/-). **** p<0.0001.

134

135  Figure 2. CRISPR-Cas9 correction of GBA mutation in GD hiPSCs restores normal

136  phagocytic, motility and immune functions and increases susceptibility of Gaucher

137  macrophages to M. tuberculosis. a) TNFa, IL-6, IL-1B and IL-10 transcript levels in isogenic
138  GBA-/-, GBA+/- and GBA+/+ macrophages stimulated with LPS for up to 4h. Significantly higher
139 levels of IL-1B expression were observed in Gaucher macrophages: (GBA-/-) > (GBA+/-) >

140 (GB+/+). b) Phagocytic activity of macrophages using zymosan particles relative to

141  phagocytosis in GBA+/+ macrophages. ¢) Analysis of macrophages cell motility by transwell
142 migration assay. (d) Analysis of macrophage susceptibility to M. tuberculosis H37Rv infection
143  and intracellular replication. Graphs show intracellular bacterial burden after infection in resting
144 (left, “No IFNy”) or primed (right, “+ IFNy”) macrophages. *, p<0.05. **, p<0.01. ***, p<0.001.
145  **** n<0.0001.

146

147  Materials and Methods

148  Experimental protocols are described in detail in Supplementary Information: Extended

149  Materials and Methods.
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